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Abstract
This dissertation presents and explores a technique to confine and manipulate single and multi-
ple nano-objects in solution by exploiting the thermophoretic interactions with local tempera-
ture gradients. The method named thermophoretic trap uses an all-optically controlled heating
via plasmonic absorption by a gold nano-structure designed for this purpose. The dissipation
of absorbed laser light to thermal energy generates a localized temperature field. The spatial
localization of the heat source thereby leads to strong temperature gradients that are used to
drive a particle or molecule into a desired direction. The behavior of nano-objects confined by
thermal inhomogeneities is explored experimentally as well as theoretically.
The monograph treats three major experimental stages of development, which essentially differ
in the way the heating laser beam is shaped and controlled. In a first generation, a static heating
of an appropriate gold structure is used to induce a steady temperature profile that exhibits a
local minimum in which particles can be confined. This simple realization illustrates the work-
ing principle best. In a second step, the static heating is replaced. A focused laser beam is used
to heat a smaller spatial region. In order to confine a particle, the beam is steered in circles
along a circular gold structure. The trapping dynamics are studied in detail and reveal simi-
larities to the well-established Paul trap. The largest part of the thesis is dedicated to the third
generation of the trap. While the hardware is identical to the second generation, using the real-
time information on the position of the trapped object to heat only particular sites of the gold
structure strongly increases the efficiency of the trap compared to the earlier versions. Beyond
that, the optical feedback control allows for an active shaping of the effective virtual trapping
potential by applying modified feedback rules, including e.g. a double-well or a box-like poten-
tial. This transforms the formerly pure trapping device to a versatile technique for micro and
nano-fluidic manipulation. The physical and technical contributions to the limits of the method
are explored. Finally, the feasibility of trapping single macro-molecules is demonstrated by
the confinement of λ-DNA for extended time periods over which the molecules center-of-mass
motion as well as its conformational dynamics can be studied.
This work has been funded by
the European Union and the Free State of Saxony.
IContents
Contents I
Abbreviations III
1 Introduction 1
2 Theoretical Background 7
2.1 Particle Motion on Small Length Scales . . . . . . . . . . . . . . . . . . . . . . . . 8
2.1.1 Motion at Low Reynolds Numbers . . . . . . . . . . . . . . . . . . . . . . . 8
2.1.2 Brownian Motion and Diffusion . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Thermally Induced Motion – Thermophoresis . . . . . . . . . . . . . . . . . . . . . 13
2.2.1 Phenomenological Description . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.2 Fluid Dynamics Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.3 Thermodynamics Approach . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.4 Temperature Dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.5 Thermophoresis of Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3 Interaction of Metal Nanostructures with Light – Optical Heating . . . . . . . . . . . 22
2.3.1 Surface Plasmon Polarization . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.3.2 Absorption by a Thin Metal Film . . . . . . . . . . . . . . . . . . . . . . . 24
2.3.3 Absorption by an Arbitrary Metal Structure . . . . . . . . . . . . . . . . . . 26
2.4 Temperature Distribution Around a Heat Source . . . . . . . . . . . . . . . . . . . . 27
2.4.1 Fouriers Law and Heat Equation . . . . . . . . . . . . . . . . . . . . . . . . 27
2.4.2 Steady-State Temperature Profiles . . . . . . . . . . . . . . . . . . . . . . . 28
2.4.3 Time Scales of Relaxation . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.5 DNA as a Model System for Linear Polymer Chains . . . . . . . . . . . . . . . . . . 31
2.5.1 Fundamental Properties of DNA . . . . . . . . . . . . . . . . . . . . . . . . 31
2.5.2 Physical Description of a Single Polymer Chain . . . . . . . . . . . . . . . . 31
3 Experimental Background 35
3.1 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4 Results and Discussion 43
4.1 Thermophoretic Trapping by Steady Temperature Fields . . . . . . . . . . . . . . . 45
4.1.1 Temperature Distribution Within the Sample . . . . . . . . . . . . . . . . . 45
4.1.2 Steady-State Properties – Positional Distribution . . . . . . . . . . . . . . . 48
4.1.3 Dynamic Properties – Thermophoretic Drift . . . . . . . . . . . . . . . . . . 50
4.1.4 Dynamic Properties – Diffusion Coefficient and Induced Temperatures . . . 52
4.1.5 Soret Coefficient and Effective Trapping Potential . . . . . . . . . . . . . . 54
II CONTENTS
4.1.6 Radius Dependence of the Temperature Distribution . . . . . . . . . . . . . 56
4.2 Thermophoretic Trapping by Dynamic Temperature Fields . . . . . . . . . . . . . . 58
4.2.1 Introducing a Dynamic Heating Scheme . . . . . . . . . . . . . . . . . . . . 59
4.2.2 Temperature Profile by a Focused Laser Beam . . . . . . . . . . . . . . . . 60
4.2.3 Motivation of a Rotating Frame . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2.4 The Rotating Frame – Theory vs. Experiment . . . . . . . . . . . . . . . . . 63
4.2.5 Trapping Above a Plain Film of Gold . . . . . . . . . . . . . . . . . . . . . 70
4.3 The Feedback-Assisted Thermophoretic Trap . . . . . . . . . . . . . . . . . . . . . 74
4.3.1 Trapping by Active Dynamic Heating – The Feedback Trap . . . . . . . . . 75
4.3.2 Comparison of Quasi-Steady vs. Feedback-Controlled Heating . . . . . . . . 76
4.3.3 Steady-State and Dynamic Properties of the Feedback Trap . . . . . . . . . . 78
4.3.4 Shaping the Trapping Potential . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.3.5 Limits of Feedback-Controlled Trapping . . . . . . . . . . . . . . . . . . . 93
4.3.6 Feedback-Controlled Trapping Above a Plain Gold Film . . . . . . . . . . . 100
4.3.7 Trapping of Multiple Objects . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.3.8 Trapping of Single Macro-Molecules . . . . . . . . . . . . . . . . . . . . . 111
5 Summary and Outlook 121
5.1 Summary of the Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
5.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
Curriculum Vitae 129
Publications 131
Acknowledgements 133
Declaration 134
List of Figures 135
List of Tables 137
Bibliography 139
III
Abbreviations
ABEL anti-Brownian electrokinetic (trap)
AOD acousto-optic deflector
Au aurum – gold
CCD charge-coupled device
COM center of mass
cw continuous wave
DNA deoxyribonucleic acid
e.g. exempli gratia – for example
et al. et alia – and others
FB feedback
FCS fluorescence correlation spectroscopy
FEM finite element method
FPE Fokker-Planck equation
i.e. id est – that is
MSD mean squared displacement
NA numerical aperture
NP nano-particle
NSE Navier-Stokes equation
PDF probability distribution function
PS polystyrene
PDF position distribution function
PS polystyrene
PSD power spectral density
PSF point spread function
PT photothermal
rel. relative
rms root mean squared
RNA ribonucleic acid
sdev standard deviation
SMS single molecule spectroscopy
SNR signal to noise ratio
SPR surface plasmon resonance
VFTH Vogel-Fulcher-Tammann-Hesse (law)
WF wide-field

Chapter 1
Introduction
2 CHAPTER 1. INTRODUCTION
Recent advances in biochemical, biophysical and life science as well as soft matter physics would
have been unthinkable without the development of tools, which are nowadays standard in modern
laboratories. The appearance of single molecule detection led to important developments in both mi-
croscopy and spectroscopy.1–5 Since the first experimental realizations of single molecule detection
directly by absorption6 and later via fluorescence,7 single molecule spectroscopy (SMS) has become a
powerful toolbox as it allows to gather information from individual molecules. This enables to probe
the local environment in which they are embedded on the nanometer scale, which is in direct contrast
to ensemble measurements yielding averaged parameters for a large number of assumedly identical
molecules.8 Today, most SMS experiments are based on either wide-field detection techniques of
epifluorescence and total internal reflection, or confocal and near-field optical scanning microscopy
setups. Observation variables range from absorption and emission spectra of single molecules, orien-
tation of molecules by probing their transition dipole moment to the excited state lifetime. Advanced
techniques measure distances on a scale of a few nanometers via fluorescence resonance energy trans-
fer (FRET).9–11 Single molecule tracking12, 13 with sub-wavelength resolution to follow the position
as well as the single molecule characteristics of blinking and photo-induced recovery of emitters14
ultimately led to the development of super-resolution microscopy techniques such as photo-activated
localization microscopy (PALM)15, 16 and stochastic optical reconstruction microscopy (STORM).17
Advances in laser sources as well as opto-electric detectors have made SMS popular and widely used
in bio-related research.18–20
Studying micro and nanometer-sized objects under physiological conditions typically involves a liq-
uid environment. In solution, free particles and molecules undergo Brownian motion typically caus-
ing a quick disappearance from an observation volume as it scales with the molecule’s size. A second
technique that is often used in combination with SMS enables the study of microscopic objects over
extended time periods. A very successful way of confining microscopic objects emerged from the fact
that light carries momentum and may thus exert forces. Regarding the so-called optical tweezers,21–23
which were first experimentally demonstrated in 1986,24 two types of optical forces are important.
Unfavorable scattering forces push the objects of interest in propagation direction, while gradient
forces point towards the highest field intensity. For a stable trapping, gradient forces need to exceed
the scattering forces. Typically, near-infrared laser light is used in combination with lenses of high
numerical aperture to tightly focus the laser light in order to strengthen gradient forces.25 In the same
way as macroscopic tweezers are often used beyond their initial purpose, optical tweezers proved to
be much more versatile than just confining objects. In fact, the success of optical tweezers relies on
the observation that close to the laser focus, optical forces form a harmonic potential described by
a Hookian spring constant.26 Based on this feature, optical tweezing emerged to the standard tool
to measure and exert forces in microscopic systems. Trapping by optical gradient forces, however,
can only be achieved for microscopic objects of sufficient polarizability or dielectric contrast to the
surrounding medium. A confinement of single biological macro-molecules is hardly possible for fea-
sible laser intensities. The molecules of interest are therefore typically chemically attached to larger
micro-meter-sized polystyrene beads. This in turn allows to transmit force to the molecule. Besides
atomic force microscopy and magnetic tweezers, this is widely used in single molecule force spec-
troscopy27, 28 and led to deep insights into fundamental biological processes such as the direct obser-
vation of base-pair stepping during RNA polymerase29 or mechanical folding dynamics of individual
proteins.30 Surface tethering, however, may influence the molecule’s nature and can, for instance,
3alter the structural dynamics of bio-molecular systems.31 The increasing demand for single molecule
trapping as well as the lacking ability of optical tweezers to directly confine single molecules instead
of linking them to larger objects leads to the development of new ideas.
Different techniques that directly refine the approach of optical forces to the nanoscale are called
plasmonic traps.32 They involve metallic nano-structures, such as gold pads,33, 34 gap antennas35, 36
or nano-apertures,37–40 which are excited optically and provide high local intensities and strong field
gradients employed for trapping of objects down to single DNA fragments.39, 41 Dielectrophoresis
is used to trap individual proteins in radio frequency alternating electric fields.42 Stable trapping
of individual nano-objects was also shown within electrostatic potentials produced by appropriately
nano-structured slit surfaces.43 Paul trapping has been used for decades to trap ions in vacuum44
and was recently also extended to trap nano-particles in solution.45 An entirely different approach is
the feedback-based hydrodynamic trap,46 which uses actively controlled hydrodynamic forces to trap
particles at a stationary point in the flow field of a microfluidic device. While not all of the mentioned
techniques are (yet) capable of trapping single molecules, certainly, each has its own strengths.
A notably powerful technique is the anti-Brownian electrokinetic (ABEL) trap,47 which uses a four-
electrode device to generate an electric field inducing an electrokinetic drift. The electrode voltages
are controlled by an optical position feedback to counter act Brownian motion. Beyond a harmonic
trapping potential, the optical feedback control allows for the generation of arbitrary force fields.47
More importantly, the performance of the method today operates at the physical limits of diffraction
and shot noise.31 Sophisticated statistical filtering48 is employed to maximize localization accu-
racy enabling trapping of single fluorophores of hydrodynamic radii smaller than one nanometer.49
Real-time access of the diffusion coefficient and the electrokinetic mobility50 provides a means to vi-
sualize biomolecular interactions in solution such as the binding-unbinding kinetics of a single DNA
molecule.51
The redundancy of a surface tethering to hold single molecules within a certain detection volume
goes along with an inability to apply intra-molecular forces that are for instance exerted by a large
polystyrene bead in the harmonic potential of optical tweezers. The homogeneous electric fields of
the ABEL trap lead to a displacement of the entire trapped molecule, but the change in conformation
is typically negligible.47, 52 While depending on the application, such interactions indeed need to be
avoided, altering the conformational dynamics is in general hardly possible, even if demanded.
A promising class of interactions that could complement the toolbox of well-established methods is
collected under the umbrella term thermophoresis, also called Soret effect or thermo-diffusion, and
describes the response of microscopic particles, molecules or binary mixtures to variations in the lo-
cal temperature, i.e. to temperature gradients. The physicochemical origin of thermophoresis thereby
is manifold, but in general leads to a quasi-slip flow along the surface which, in turn, drives the par-
ticle or molecule into the opposite direction.53, 54 The different contributions, such as thermoosmosis
in the electric double layer,55 thermoelectric effects56 or thermally driven depletion forces,54 are
collected within a single coefficient describing the thermophoretic mobility DT. A different theoret-
ical approach for weak temperature gradients is based on local equilibrium thermodynamics.55, 57–59
None of the existing microscopic theories is yet generally accepted and fundamental issues are still
debated.57, 60, 61 Phenomenologically, the steady-state particle distribution within an inhomogeneous
temperature field is governed by two competing effects, one being thermophoresis, described by DT,
as well as Brownian motion, characterized by the diffusion coefficient D. The relative strength of
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the two competing effects is measured by the ratio of the individual mobilities, the co-called Soret
coefficient ST = DT/D.62
Thermo-diffusion has been studied on various systems, such as colloidal particles,59, 60, 62 DNA,63–65
proteins,66, 67 micelles67–69 or polymer solutions.70–74 Attributed to the complex physical and chem-
ical contributions to DT, most microscopic particles or molecules exhibit a finite Soret coefficient.
Moreover, the thermophoretic mobility of the bio-molecule sensitively dependents on, for example,
conformation, charge, binding state and the chemical composition of the local environment. For this
reason, a technique called Microscale Thermophoresis (MST) successfully evolved to a powerful
tool for bioanalytics to quantitatively probe molecular interactions in free solution with low sample
consumption.75–78 In addition to the analytical aspect, as thermophoresis is the directed movement
along a temperature gradient, the motion of particles or molecules can be influenced by shaping the
temperature landscape. In such a way, particles or molecules can be accumulated typically in com-
bination with convective or externally driven flows.59, 62–65, 79–81 A third feature of thermophoresis is
the ability to apply forces within molecules without the need for a surface attachment. This can be
achieved by spatially modulating the temperature gradient over the extend of the molecule. Inducing
intramolecular tension by inhomogeneous temperature gradients to stretch or compress single DNA
strands has been demonstrated on prestretched DNA in nano-channels,81, 82 on DNA tethered to a
surface83 or on free DNA in combination with thermal convection.84
These three aspects, the ability to move objects along temperature gradients, the analytical infor-
mation that is gained from the response on the gradients and the potential to induce intramolecular
forces, make thermophoresis an interesting candidate for both the manipulation and the investiga-
tion of bio-molecular properties in the single molecule regime combined in one microfluidic device
controlled by optical far-field techniques.
The present doctoral thesis is dedicated to a first step into that direction. The aim is to explore to what
extend thermophoresis can be used to efficiently hold and manipulate single nano-objects in solution.
For that purpose, sufficient thermophoretic drift velocities need to be induced in an appropriate way
to compensate for the fast Brownian motion of nanoscopic particles. As the thermophoretic mobility
is a coefficient of the solute-solvent system under study, the parameter which tunes the thermally
induced drift is the temperature gradient. Temperature gradients are typically generated by heating a
certain spatial region within the sample. The stronger the induced temperature field is localized, the
higher the gradients are. Photothermal heating via a focused laser beam leads to heat sources that
are diffraction-limited in size. The common way of further minimizing the extend of a heat source is
the usage of an absorbing nano-structure.85 Following these strategies, it is shown that a confinement
can be achieved by different heating schemes. In the early experiments, a steady temperature profile
that exhibits a local temperature minimum induced by the static illumination of an appropriate gold
structure is shown to confine single polystyrene beads. This version represents the initial idea and
the basic concept of the so-called thermophoretic trap. In order to increase the performance as well
as versatility of the technique, the heating scheme is upgraded and the static illumination of the gold
structure is replaced by a dynamic heating by means of a focused laser beam, which is driven in
a feedback-free manner showing analogy to Paul trapping. By additionally introducing a software-
based feedback of the heating beam position on the particle position, the efficiency of the trap can
be increased tremendously. Moreover, the ability to flexibly alter the feedback rules allows for a
complex manipulation of the nano-objects. It is also shown that, enabled by the spatially strongly
5decaying temperature fields, a defined number of multiple particles may be confined in a single trap.
Finally, first experiments on the trapping of single DNA macro-molecules are presented that show the
applicability of the developed technique for biophysical questions.
The manuscript is structured as follows. Chapter 2 presents background information on the physical
concepts being relevant in the context of thermophoretic trapping. This is followed by Chapter 3
dealing with the experimental background necessary to understand the presented experiments and the
received results. Chapter 4 presents and discusses the performed experiments. The chapter is thereby
structured in three parts following the three major stages of development that are already mentioned
above. Finally, a short summary of the results as well as an outlook on the future of thermophoretic
single particle trapping is given with Chapter 5.

Chapter 2
Theoretical Background
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2.1 Particle Motion on Small Length Scales
The first section introduces the governing equation for the fluid motion on small length scales in
viscous media. Then, two different approaches to describe the stochastic motion of particles in a
viscous solvent are presented. While both theoretical approaches are equivalent, each provides a
different view on the problem of Brownian motion. Theoretical insight is gained either from an
averaging over individual realizations of trajectories in the Langevin description or from studying the
evolution of the probability density using the Fokker-Planck equation.
2.1.1 Motion at Low Reynolds Numbers
On microscopic length scales, the velocity field within a fluid, due to for example pressure gradients
or moving boundaries, are well described by continuum mechanics. For the typical case that the
fluid velocity is low compared to the velocity of sound within the fluid, it can be treated as incom-
pressible,86 ∇ ·v = 0. With this assumption, the Navier-Stokes equation (NSE) that results from the
conservation of mechanical momentum, takes the form
ρ
∂v
∂t
−η∇2v+ρ(v ·∇)v =−∇P+ f, (2.1)
and describes the spatial and temporal evolution of the velocity field v(r, t). Herein, ρ and η are
the mass density and the viscosity of the fluid, respectively. Apart from time-dependent boundary
conditions, the fluid field may be driven by a pressure gradient ∇P or an externally applied force
density f. Mathematically, the complexity of the NSE is set by the non-linear term ρ(v ·∇)v that
results from inertial forces within the liquid.
The strength of the inertial forces (non-linear 3rd term in NSE) over the viscous forces due to momen-
tum diffusion (2nd term in NSE) is quantified by their ratio, the so-called Reynolds number Re. By
substituting the gradient with a typical length scale of the system ∇∼ l−1, e.g. a particle’s diameter,
Re is given by
Re =
ρv2/l
ηv/l2
=
ρvl
η
. (2.2)
As the viscosity and density of water are of order η∼ 10−3 Pa·s, ρ∼ 103 kg/m3 and typical velocities
in microscopic systems of scale l ∼ 1µm are v∼ 1µm/s, the Reynolds number is of order Re∼ 10−6.
Thus, inertial forces may be neglected leading to pure a laminar flow. Considering an intrinsic time
scale of the system τ = l/v, also the 1st term of the NSE scales with the Reynolds number and can
be neglected assuming that the transient behavior is not of interest.86 If, however, a time dependence
is given by an external time scale, e.g. due to an oscillating boundary, the time derivative may not
be neglected. As the viscous friction in the system dominates, any change of the force field f or
pressure gradient ∇p leads to a quasi-instantaneous response in the velocity field v. The motion is
over-damped and now described by the Stokes Equation being linear in the velocity v,
η∇2v = ∇P− f. (2.3)
The much simpler form allows for an analytical solution of important systems, such as the shear flow
between two walls, when one wall is translated (Couette flow), or the pressure-induced fluid flow in
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long channels (Poiseuille flow).86 Also, Equation 2.3 is particularly important to describe phoretic
motion such as electrophoresis and thermophoresis as will be seen in Section 2.2.2.
Via Equation 2.3 it can be shown that a microscopic rigid spherical particle of radius R that is dragged
through a liquid by an external force F at a constant velocity u will induce a long-ranged velocity
field around the particle, which decays with one over the distance from the particle, v ∝ r−1. The
energy of the flow field dissipates to heat due to the shear strain within the liquid leading to a friction
coefficient γ = 6piηR for the particle. Typically, this is referred to as Stokes drag characterizing the
velocity response u = F/γ to the external force F.
2.1.2 Brownian Motion and Diffusion
The term Brownian motion denotes the stochastic motion that is shown by a mesoscopic particle
dissolved in a liquid or gas. Mesoscopic in that context means, that the particles are too large that the
motion directly relies on quantum effects, though too small to be described by classical mechanics.
Its name is dated back on the Scottish botanist Robert Brown, who recognized the jittery motion of
the pollen of plants in 1828.87 Over years, abstract theories have been put forward that are today
important in all kinds of sciences, not only fundamental physics, but also life science. The theory of
Brownian motion may be even applied to the dynamics of economy, such as e.g. the stock market.88, 89
Typically, the Brownian motion is described by hydrodynamic theories, where the microscopic details
of the particle-solvent interaction are hidden in a set of parameters such as the temperature or the
viscosity of the solvent. It was Einstein in 190590 who gave the important relation (Equation 2.4)
linking thermal fluctuations of the solvent molecules to the macroscopically visible motion of the
Brownian particle described by the diffusion or Einstein coefficient D,
D =
kBT
γ
, (2.4)
with kB the Boltzmann constant, T the absolute temperature and γ being the friction coefficient. The
friction is caused by random collisions of a particle with the solvent molecules leading to a dissipation
of kinetic energy to heat, i.e. thermal fluctuations, driving Brownian motion. Equation 2.4 is therefore
an early representative of a fluctuation-dissipation relation.
Langevin Description An intuitive description which directly follows the microscopic origin of
Brownian motion was given by Paul Langevin.91 The dynamics of the particle or molecule is de-
scribed by a differential equation in the form of Newtons equation of motion. The random collisions
with solvent molecules that drive Brownian motion is expressed as a stochastic thermal force ξ(t)
randomly fluctuating in time. Considering a motion with viscous damping, mx¨ = −γx˙, where m
denotes the mass of the microscopic particle, a micron-sized particle of initial velocity decelerates
exponentially on a time scale m/γ that is on the order of 1µs and displaces less than 1A˚. For mi-
croscopic systems in a viscous medium, the motion is thus over-damped (high friction limit) and the
acceleration is four orders of magnitude faster than the experimentally accessible time scales of the
experiments in this thesis (τexp ∼ 10ms). The term mx¨ may thus be neglected. The Langevin equation
then reads92, 93
γ
dx
dt
=−∂U
∂x
+ξ(t). (2.5)
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In the following, the random force term ξ(t) fulfills the requirement of a Gaussian probability distri-
bution with vanishing mean value. Also, the noise is assumed to be Markovian, i.e. delta-correlated
in time (‘white noise’), weighted by the friction γ and thermal energy kBT .
〈ξ(t)〉= 0, 〈ξ(t)ξ(0)〉= 2γkBTδ(t) (2.6)
The term −∂xU describes the force exerted by an externally applied potential. For now, it shall be
assumed that U ≡ 0. The observable that is often measured experimentally is the particle position
x(t). As ξ(t) is a stochastic variable, the particle position x(t) = x(0) + 1γ
∫ t
0 dt
′ξ(t ′) is a stochas-
tic variable as well and no predictions can be made for individual realizations. In particular, due
to the Gaussian noise of vanishing mean, also the mean particle displacement with time vanishes,
〈∆x(t)〉 = 〈x(t)− x(0)〉 = 0. The mean refers to the average over many individual realizations. The
second moment of the particle’s probability distribution is the variance or mean squared displacement〈
∆x2(t)
〉
=
〈
(x(t)− x(0))2〉, which takes in the case of no external potential the finite value〈
∆x2(t)
〉
= 2
kBT
γ
t = 2Dt. (2.7)
The mean squared displacement being linear in t is a common means to calculate the diffusion coef-
ficient D from a measured time trace x(t).
In some cases, it is particularly useful to switch from the time to the frequency domain of a particle’s
motion by performing a Fourier transform of the particle position x˜( f ) = F(x(t)) =
∫ +∞
−∞ dte
i2pi f tx(t).
The phase information, however, is typically sacrificed by looking at the power spectral density (PSD)
S( f ) = |x˜( f )|2, being the squared magnitude of the Fourier transform.94 The uncorrelated noise ξ(t)
is frequency-independent and has a flat power spectrum (‘white noise’). An integration of ξ(t) over
time results in a power-law dependence of the PSD for the Brownian motion of the free particle,95
i.e. for U ≡ 0, given by
S( f ) =
D
pi2 f 2
. (2.8)
The latter noise is often called ‘Brownian noise’.
Particle in a Harmonic Potential A potential which is of fundamental importance not only within
this thesis, but generally in physics, is the harmonic potential with
U(x) =
k
2
x2, (2.9)
where k is the curvature of the potential. Most particle traps locally resemble a harmonic potential in
good approximation. In the case of optical traps, k is typically referred to as the trap stiffness as it
describes the response coefficient (spring constant) for the restoring force F = −kx as a function of
the displacement from the origin. In preparation of quantitative trapping experiments, e.g. to perform
optical force spectroscopy,27, 28 the trap needs to be calibrated, meaning that the trap stiffness is
characterized. Two standard methods to do so are the calculation of the power spectral density or
the mean squared displacement of the particle position in the potential. Integrating the corresponding
Langevin equation 2.6 after inserting the harmonic potential 2.9 yields a Lorentzian shape for the
PSD,26, 95
S( f ) =
D
pi2( f 2+ f 2c )
, (2.10)
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where fc = k/2piγ is the corner frequency containing the ratio of trap stiffness k and friction coefficient
γ= 6piηR. Figure 2.1 B plots the PSDs for different curvatures of the harmonic potential given in A.
In the high frequency limit f  fc, the curves merge with the 1/ f 2-dependence for the free particle,
where U ≡ 0. Low frequency fluctuations are increasingly suppressed by an increasing trap stiffness
due to the localization of the particle. The according relation for the MSD is given by92, 95〈
∆x2(t)
〉
= 2
kBT
k
(
1− e−t/τk
)
, (2.11)
and contains the same information as the PSD. Herein, τk = 6piηR/k = 1/2pi fc is a relaxation time of
the particle in the potential U with stiffness k and is equivalent to the inverse corner frequency. In the
short time limit t τk, Equation 2.7 is recovered after a Taylor expansion. This shows that on short
time scales the motion is dominated by Brownian motion. For long times, the motion is dominated
by the confining potential and the MSD saturates to
〈
∆x2(t→ ∞)〉= 2 kBTk , which is the equipartition
theorem. This behavior is shown in Figure 2.1 C for increasing k and in comparison to a free particle
with U ≡ 0 (black curve).
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Fokker-Planck Description For the commonly assumed case that the stochastic force ξ(t) is given
by Gaussian white noise, the Langevin equation can be transformed into a differential equation that
describes the evolution of the probability distribution function (PDF) P(x, t) of a Brownian parti-
cle. The resulting equation is known as Fokker-Planck equation (FPE).a) The function P(x, t) de-
scribes the probability P(x, t)dx to find a Brownian particle within the interval x+ dx at time t . A
normalization is chosen such that
∫ ∞
−∞P(x, t)dx = 1. The FPE may be derived from the Langevin
equation by writing the probability density as P(x, t) = 〈δ(x− x(t))〉. The mean again refers to the
average over many individual realizations of the stochastic variable x(t). Considering the derivative
∂tP(x, t) =−∂x 〈δ(x− x(t))x˙(t)〉 and inserting Equation 2.6 yields96
∂P(x, t)
∂t
=
∂
∂x
(
1
γ
∂U
∂x
P(x, t)+D
∂P(x, t)
∂x
)
. (2.12)
As the particle does not disappear, the probability is conserved and the FPE can be rewritten in
form of a continuity equation ∂tP(x, t) = −∂x j, where j = jD + jU refers to the probability flux due
a) In some literature the term ‘Fokker-Planck equation’ is used for the probability density P(χ, t) for a generalized variable
χ, that could, for example, also be the velocity of a particle. If χ= x referees to the position of the particle, the FPE is often
called Smoluchowski equation.
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to diffusive motion jD = −D∂xP(x, t) as well as the external potential jU = −1γ (∂xU)P(x, t). The
steady-state probability distribution takes the shape of a Boltzmann distribution P(x) ∝ e−U(x)/kBT ,
which can be directly seen after integrating Equation 2.12 after setting ∂tP(x, t) = 0. Mathematically,
this will become important again in the case of thermophoresis, where a temperature field can be
thought of as a potential leading to a certain probability distribution.
For non-interacting particles, considering the evolution of the concentration profile c(x, t), a process
that is called diffusion, instead of the of the probability distribution P(x, t) is fully equivalent. The
solutions vary only by the fact that P(x, t) is normalized.92 Rewriting Equation 2.12 with U ≡ 0 re-
covers Fick’s well known second law ∂tc = D∂2xc, which predicts how inhomogeneous concentration
fields evolve over time.
Brownian Motion with Flow Of particular importance for the analysis of the time traces in the
Results chapter is the FPE which accounts for a uniform flow u, whereas no external potential is
present (U ≡ 0). The flow u does appear in the continuity equation with an additional advection term
ju = uP(x, t). Together with the diffusive flow jD =−D∂xP(x, t), the FPE takes the form
∂P(x, t)
∂t
= u
∂P(x, t)
∂x
+D
∂2P(x, t)
∂x2
. (2.13)
Equation 2.13 is readily solved for the initial condition P(x, t = 0) = δ(x− x0),97 that means the
particle is located at the position x0 at the time t = 0, yielding the advection-diffusion propagator
P(x,x0, t) =
√
1
4piDt
exp
(
−(x− x0−ut)
2
4Dt
)
. (2.14)
The Gaussian probability distribution shows a variance σ2 = 2Dt that spreads in time t. Additionally,
the flow u causes a shift of the Gaussian by ∆xu = ut. Figure 2.2 A displays plots of Equation 2.14
for subsequent times t. Alongside, Figure 2.2 B shows snapshots of Equation 2.14 at a fix time t but
for different flow velocities u, which does not effect the width of the probability distribution.
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2.2 Thermally Induced Motion – Thermophoresis
Additionally to its erratic Brownian motion, a solute typically undergoes a deterministic drift when a
temperature gradient is applied to the solvent. This so-called Ludwig-Soret effect is named after the
scientists who first discovered the phenomenon.98, 99 Due to its thermal nature, the effect is also called
thermophoresis. In the language of non-equilibrium thermodynamics, the temperature gradient gives
rise to a generalized force and the mobility DT is associated with the Onsager coefficient coupling
heat and particle flow.100 The thermophoretic drift induced by applying a temperature gradient is
phenomenologically given by u = −DT∇T . By guessing, one might be tempted to assume that the
movement is towards the cold region, however, a more thorough examination shows that under certain
circumstances also negative thermophoretic mobilities are possible.
The following section will first give a phenomenological description of the thermally induced motion.
Later, different approaches to explain the thermophoretic mobility are presented, from a hydrody-
namic point of view as well as from thermodynamics by considering a local thermal equilibrium.
2.2.1 Phenomenological Description
In the following, the thermophoretic mobility DT as well as the diffusion coefficient D are assumed
to be temperature-independent. As a result of the thermophoretic drift u(x) =−DT∂xT (x), the prob-
ability flux of a particle due to an applied temperature gradient may be written as jT = u(x)P(x, t) =
−DTP(x, t)∂xT (x), where P(x, t) is the probability density for the particle to be at the position x at the
time t. Hence, an inhomogeneous temperature field T (x) will distort the probability distribution for
a particle. For a positive DT, particles will migrate to the cold, which in turn will result in a diffusive
back-flow jD =−D∂xP(x, t) (see Figure 2.3). The overall probability flux is then given by
j(x, t) = jD+ jT =−D∂P(x, t)∂x −DTP(x, t)
∂T (x)
∂x
=−D
(
∂
∂x
+ST
∂T (x)
∂x
)
P(x, t). (2.15)
steady-state 
probability distribution
Soret
coefficient
thermophoretic flux
diffusive flux
hot cold
Figure 2.3: Phenomenological description of the motion induced by a temperature gradient.
The Soret coefficient ST = DT/D is introduced to compare the strength of thermophoresis, character-
ized by DT, to normal diffusion with the Einstein coefficient D. In the stationary state, when the fluxes
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jT and jD compensate, such that j = jT+ jD = 0, the probability density P(x) is solely described by
the Soret coefficient together with the shape of the temperature elevation field ∆T (x),
P(x) = P0 e−ST∆T (x). (2.16)
P0 appears as a normalization factor. The Soret coefficient may be hence seen as a measure for the
thermal separation in the steady state. The time evolution of a particle in a temperature field may be
studied by inserting Equation 2.15 into the continuity equation ∂x j(x, t)+∂tP(x, t) = 0, which yields
the corresponding Fokker-Plank Equation
∂P(x, t)
∂t
=
∂
∂x
D
(
∂
∂x
+ST
∂T (x)
∂x
)
P(x, t). (2.17)
Comparing Equation 2.17 with Equation 2.12 shows that, regardless of the mechanisms that lead to
thermophoresis (see discussion below) and although no external force is associated with the applica-
tion of the temperature field, the temperature field itself can be thought of as an effective potential
landscape for a particle with Ueff/kBT = ST∆T . This will be particularly useful in the discussion of
the results as the induced effective potentials in the thermophoretic trap may be directly compared
to competing methods. Also, the solutions of the Fokker-Planck equation for the mean squared dis-
placement and power spectral density that have been calculated for ‘real’ potentials in Section 2.1.2
may be directly transfered to thermophoresis. The next paragraph will introduce the latter properties
of a temperature field that is of notable interest for this thesis.
The Harmonic Temperature Field A special type of temperature field that will often appear within
the Results section develops from a temperature gradient that increases linearly with increasing dis-
tance to the origin, ∇T = αx. This thus leads to a quadratic temperature field,101
∆THarm(x) = THarm(x)−TCenter = α2 x
2, (2.18)
which is called harmonic temperature field in the following due to the obvious similarity to a harmonic
potential. Following Equation 2.16, the steady state probability distribution of a Brownian particle in
such a temperature field is found to be Gaussian
P(x) =
2pi
STα
exp
(
−STα
2
x2
)
, (2.19)
with a variance σ2 = 1/STα. A harmonic potential U(x) = 12 kx
2 is characterized by its spring constant
k, often referred to as trapping stiffness. The parameters α and ST relate to k of the effective harmonic
potential via
keff =
kBT
σ2
= STαkBT. (2.20)
From the Fokker-Planck equation 2.17 together with the harmonic temperature field of Equation 2.18,
one finds the mean squared displacement〈
∆x2(t)
〉
=
2
STα
[1− exp(−t/τα)] , (2.21)
with τα = 1/αDT (see SI in Braun et al.101 for the detailed derivation). Accordingly, the power
spectral density is of the same shape as Equation 2.10, except that the corner frequency is now given
by fc = 1/2piτα = αDT/2pi.
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2.2.2 Fluid Dynamics Approach
Within the above phenomenological description of thermophoresis, the complex physical and chem-
ical mechanisms leading to thermally induced motion are hidden in the thermophoretic mobility DT.
The approaches to describe the Soret effect on a microscopic scale can be classified in two categories:
effects related to a quasi-slip flow on a particle’s surface, i.e. from hydrodynamics, and a thermody-
namic approach. In the following, a brief overview is presented covering the most important aspects.
Hydrodynamics of the Boundary Layer Interactions of the particle with the solvent happen within
a boundary layer of thickness λ. For charged particles, where a shielding is caused the accumulation
of counter ions, the boundary layer is called electric double layer. Conveniently, a local coordinate
system is used on the particle’s surface, where the x and z directions are tangential and normal to the
particle’s surface, respectively. Here, the boundary layer approximation shall be briefly introduced,
where the particle is much larger than the characteristic thickness of the boundary layer λ  R.
That means, the hydrodynamic quantities vary strongly perpendicular to the surface, but only slowly
change along the surface due to external perturbations. Close to the particle, the normal component
of the velocity vanishes, vz = 0, and the velocity parallel to the surface weakly depends on x, such that
it can be assumed that vx = vx(z). The normal component of the Stokes Equation 2.3 thus reads54, 55
0 =
dP
dz
− fz (2.22)
An integration delivers the excess hydrostatic pressure. The force field fz may, for example, be due to
the electrostatic potential caused by the surface charge, which will be discussed later on. The Stokes
equation in tangential direct reduces to
η
d2vx
dz2
=
dP
dx
− fx. (2.23)
An integration with stick boundary condition at the surface of the particle and a constant velocity vB
beyond the boundary layer tangential to the surface leads to
vB =
1
η
∫ λ
0
dzz
(
fx− dPdx
)
. (2.24)
As the boundary layer is much smaller than the particle, vB appears as a quasi-slip flow on the
surface. In the lab frame, the fluid velocity vanishes at large distances to the particle. According
to the reciprocal theorem, the particle moves into the opposite direction as the averaged quasi-slip
velocity, u=−〈vBex〉=−〈vB sinθ〉.54, 102 As the slip flow varies as vB = vmaxB sinθ along the surface
of a spherical particle, where vmaxB is the maximum occurring velocity in the case that ex is parallel to
the external perturbation, the velocity of a spherical particle is given by
u =−2
3
vmaxB . (2.25)
The velocity field beyond the boundary layer may be obtained by solving the force-free Stokes equa-
tion 2.3 with a slip flow at the particle’s surface vB =−32 usinθ and a vanishing flow at infinity. This
leads to the following relation
v(r) = u
a3
r3
(
1
2
sinθ t+ cosθn
)
, (2.26)
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with the normal and tangential unit vectors n and t.55 The velocity field due to the phoretic motion is
short-ranged as it decays with the inverse distance cubed v(r) ∼ r−3 in comparison to the flow field
generated by Stokes friction which decreases with the inverse distance v(r)∼ r−1.
particle surface
hotcold
quasi-slip velocity beyond 
the boundary layer
resulting particle velocity
Figure 2.4: Schematic representation of the effects within the electric double layer: The particle’s surface
charge is shielded by counter ions. A temperature gradient leads to an osmotic pressure gradient. This drives a
flow along the surface inducing quasi-slip boundary conditions (quasi-slip velocity vB) at the particle’s surface.
As the velocity field needs to vanish at large distances, the particle is driven into the opposite direction at a
velocity u.
Thermophoresis of Charged Colloids In the following, a particle of radius R and surface charge
density σc is assumed. The charge on the surface causes an electrostatic potential φ, which is screened
by the counter-ions in the solvent resulting in a boundary layer of scale λ. With a bulk salinity of n0,
the excess ion densities of positive and negative ions are given by56
n± = n0
(
e∓eφ/kBT −1
)
. (2.27)
The charge density in the boundary layer around the particle is then ρ = e(n++ n−) and the ex-
cess density of mobile ions is n = n+− n−. In absence of an external perturbation, the shape of the
boundary layer is isotropic. Application of an external field (e.g. an external electric field E0, an
inhomogeneous temperature field T or a non-uniform concentration of ions n0) breaks the spherical
symmetry around the particle and leads to a non-vanishing force field within the solvent which ap-
pears in the Stokes Equation 2.23. The force field in the solvent has contributions from the divergence
of the Maxwell tensor that is dependent on the electrostatic potential in the boundary layer as well
as an external electric field coupling to the charge. The hydrostatic pressure P = nkBT , that is found
by integration of Equation 2.22, strongly changes in normal direction due to the screening poten-
tial, but only weakly varies tangentially to the surface due to the external perturbations. Gathering
all contributions to the force field and pressure gradient in the boundary layer yields the following
equation54–56
f−∇P =−(ρφ+nkBT )∇TT −
1
2
E2∇ε−nkBT ∇n0n0 +ρE0, (2.28)
with ε being the permittivity of the solvent and E = −|∇φ|. The force field thus dependents on
the external electric field E0 and the gradients ∇T , ∇ε and ∇n0, which are not independent of each
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other. For instance, applying a temperature gradient may induce gradients to the other parameters
(companion fields), which ultimately influence the thermophoretic mobility.
The electrostatic potential φ of a charged particle may be calculated by the Poisson-Boltzmann equa-
tion in normal direction to the particles surface ε∂2zφ=−ρ and takes the form
φ(z) = ζartanh
(
e−z/λ
)
. (2.29)
Herein, ζ= 2kBTe arsinh(2piσclBλ) is the surface potential and λ= (8pin0lB)
− 12 the Debye and Bjerrum
length lB = e2/4piεkBT . With the approximation, that the permittivity of the solvent is much higher
than that of the particle, εP εS, and that the thermal conductivities of the solvent and the particle
are approximately equal, κP ≈ κS, the particle velocity is obtained via Equations 2.24 and 2.24 by54
u =−ε(ζ
2−3ζ2T)
3η
∇T
T
+
εζ2T
3η
(
∇ε
ε
+
∇n0
n0
)
+
εζ
η
E0, (2.30)
where ζT =
(
2kBT
e
)2
2ln cosh
(
eζ
4kBT
)
is an abbreviation depending on the surface potential ζ. The
first term being proportional to the temperature gradient originates from the anisotropy of the electric
double layer. The gradient in the osmotic pressure and the electrostatic energy drives the solvent in
the boundary layer to the hot region such that the particle is dragged to the cold. For highly charged
particles, the term with −3ζ2T may be neglected as ζT  ζ. On the contrary, for weakly charged
particles when the potential energy of the ions is smaller than the thermal energy eφ kBT (Debye-
Hu¨ckel approximation), ζT takes the value 12ζ. The second term of Equation 2.30 accounts for the
permittivity gradient. As the permittivity is dependent on the temperature, a temperature field will
lead to a permittivity landscape described by the relation
∇ε
ε
=−τ∇T
T
. (2.31)
In water, the coefficient τ ≈ 1.4 is positive resulting in a quasi-slip to the warm and a subsequent
particle motion to cold regions.54 The third term describes the effect arising from a salinity gradient.
A lower ion concentration increases the surface potential and the Debye length, which in the end
drives the particle towards higher salt concentrations. The last term describes the electrophoresis
induced by the electric field E0. The effect of the temperature field on the distribution of the ions n0
as well as the generation of a thermoelectric field is discussed in the following paragraph.
Thermoelectricity – Electrolyte Seebeck Effect Two significant contributions to the ther-
mophoretic drift are caused by the movement of the ions within the solvent as a response to a temper-
ature gradient. First, there is the overall motion that causes a concentration gradient of the ions. Then,
the relative motion of positive and negative ions cause a thermoelectric field inducing electrophoretic
motion. The latter effects shall be briefly discussed for a binary electrolyte of monovalent ions. The
ion flux may be described as follows54, 56, 58
J± =−D±
(
∇n±+n±α±∇T ∓n± eE0kBT
)
. (2.32)
The first term describes the gradient diffusion of the ions with the diffusion coefficient D±. The
second term is due to the thermophoretic motions of the ions, where α± =
Q∗±
2kBT
= T ST,± is the
reduced Soret coefficient of the ions that depends on the ionic heat of transport Q∗±. Finally, the last
term characterizes the response of the ions on an electric field E0.
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Applying a temperature gradient, the stationary state of the sum of all ion fluxes J = J++ J− = 0
leads to
∇n0
n0
=−α∇T
T
, (2.33)
where n0 = 12(n++n−) and α= α++α−. As α> 0 is positive, the ion concentration gradient leads
to a flow of the particle to the cold, which is clear by plugging Equation 2.33 into Equation 2.30.
The second effect is known as the electrolyte Seebeck effect. A different Soret coefficient for the
different ions leads to a charge separation within the solvent giving rise to an electric field. Implying
zero current in the solvent by setting J+ = J− and using the fact that the solvent is neutral leads to
the induced electric field E = S∇T with the Seebeck coefficient54, 58
S =
kB
e
α+−α−
2
. (2.34)
From the last term in Equation 2.30 it is clear, that the induced electric field leads to an additional
component of the thermophoretic mobility DT. As an example, the Seebeck coefficient for NaCl takes
the value SNaCl ≈ 50µV/K whereas the coefficient for NaOH is SNaCl ≈ −210µV/K.54 Depending
on the strength of the other components in Equation 2.30, the electrolyte Seebeck effect may thus
change the sign of the thermophoretic mobility DT.
Diffusiophoresis Another contribution to thermophoresis may be driven by depletion forces lead-
ing to diffusiophoresis. Additional molecules, that could be polymers, or smaller colloids will lead to
an excess pressure P = kBT (c−c0) in the boundary layer, where c(x,z) = c0(x)e−U(z)/kBT is the con-
centration profile on the surface of the particle. U(z) describes the interaction potential of the particle
with the dissolved molecules. Via Equation 2.24 one finds the quasi-slip velocity at the surface of the
particle due to an external concentration gradient ∂xc0 of the additional molecules54
vB =−kBTη
∂c0
∂x
∫ ∞
0
dzz
(
e−U(z)/kBT −1
)
. (2.35)
Excluded volume effects described as a hard-core potential at radius R lead to a particle velocity
u = − kBT R23η ∇c0. This model well-describes the thermophoresis of polystyrene beads in a solution
of neutral polyethylene glycol (PEG) polymer chains.103 Thermophoresis drives the polymers away
from a heated spot hence reducing their local concentration as seen from Equation 2.33 with the
Soret coefficient of PEG ST,PEG = αPEG/T ≈ 0.056K−1. Thus, for small amounts of PEG the Soret
coefficient is decreased due to depletion forces. Increasing the PEG concentration further eventually
leads to a change in the sign of ST and the polystyrene beads accumulate in the heated region.
Dispersion Forces An additional contribution to the thermophoretic mobility arises from the inho-
mogeneous density profile of the solvent due to thermal expansion. Caused by the higher density, the
solvent is stronger bound via van-der-Waals interactions to the particle at the cold side leading to a
solvent flow along the particles surface. The particle in turn moves in the opposite direction (Recip-
rocal Theorem, see above). This contribution is typically expected to be low for charged polystyrene
spheres in aqueous solution, however, may be significant for the thermophoresis of polymers.54
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2.2.3 Thermodynamics Approach
Local Thermal Equilibrium As the thermophoretic depletion described by Equation 2.16 follows
an exponential steady state probability distribution, the relation can be interpreted as a Boltzmann
distribution. This may be understood by assuming local thermal equilibria that are connected by
Brownian motion.62 That means, that thermodynamically the local environment of the particle is
isotropic. At weak gradients of order ∇T ∼ 0.01K/µm, typical Soret coefficients of ST ∼ 1K−1
and particles of radius a∼ 0.1µm, the energy difference over the particle is aST∇T kBT ∼ 0.01kBT .
However, on a larger scale, the chemical potential depends on temperature and thus on space.104 Since
temperature and concentration differences are small on the local scale, a linearized Boltzmann distri-
bution is assumed with δc/c = −δG/kBT and a comparison to the locally linearized thermophoresis
δc/c =−STδT yields an expression for the Soret coefficient as a function of the particle’s energy G
(Gibbs free enthalpy)59, 62
ST =
1
kBT
∂G
∂T
. (2.36)
Assuming a local equilibrium means that the particle samples the space by random Brownian motion,
but prefers regions that are thermodynamically more stable. This assumption is only valid for weak
temperature gradients, when the motion is governed by diffusion. This is measured by a Peclet
number smaller than unity, Pe = avT/D = aST∇T < 1.59, 104
The energy of a charged solute can be expressed on the basis of a simple capacitor model, where the
thermophoresis is a result of the temperature-dependent energy stored within the Debye screening
length. A simple description has been put forward by Duhr and Braun in 2006,59 which has been
refined later by Dhont et al105 and very recently by Reichl et al.57, 58 The energy stored in the shielding
by the counter ions is given by W = Q
2
eff
8piεR(R/λ+ 1), with R the hydrodynamic radius of the particle
or molecule.58 By normalizing ST with Z2eff/R and λ to the hydrodynamic radius R, a master curve
(Equation 2.37) is obtained that is independent of the particular parameters of the molecule.
ST
R
Z2eff
=
e2R/λ
16pikBT 2εrε0(1+R/λ)2
(
1− ∂ lnρ(t)
∂ lnT
− ∂ lnεr(t)
∂ lnT
(
1+
2λ
R
))
(2.37)
Assuming a small Debye length compared to the particles hydrodynamic radius λ R simplifies
Equation 2.37 to
ST =
Q2effλ
16pikBT 2εε0R2
(
1− ∂ lnρ(t)
∂ lnT
− ∂ lnεr(t)
∂ lnT
)
. (2.38)
Herein, Qeff ∝ R2 resembles the particle’s effective surface charge which scales with the particle’s
surface area. Therefore, according to Equation 2.38, the Soret coefficient ST ∝ R2 grows with the
surface as well. As the diffusion coefficient scales as the inverse radius, the thermophoretic mobility
DT ∝ R increases linearly with the particle size. This is in direct contrast to the hydrodynamic ap-
proach, where the mobility is caused by a slip flow on the particle’s surface. The particle mobility is
connected to the slip flow by the reciprocal theorem and hence must not depend on the particle size
but only on the length scale λ that describes the interaction with the fluid. Both dependencies have
been seen experimentally,59, 60 leading to an ongoing debate in literature.53, 54, 57–61, 106
20 CHAPTER 2. THEORETICAL BACKGROUND
Ideal Gas Term In a dilute system, non-interacting particles in the solvent can be seen as an ideal
gas with osmotic pressure Π=−nkBT .55, 105, 107 A pressure gradient due to an inhomogeneous tem-
perature hence will lead to a particle flux j = −µ∇Π = −µnkB∇T , with µ = 1/γ being the mobility
of the particle. A comparison to the definition of the thermophoretic flux j = −nDT∇T yields a
thermophoretic mobility of DT = µkB and hence with the diffusion coefficient D = µkBT a Soret
coefficient of
ST =
1
T
. (2.39)
At room temperature, this contribution takes the value of ST≈ 0.003K−1 and always leads to a migra-
tion of particles to the cold regions. It is typically much smaller than, for example, ionic contributions
due to the boundary layer interactions, such that the ideal gas term is typically neglected.
2.2.4 Temperature Dependence
The Soret coefficient shows a strong temperature dependence. Often, the sign of ST changes by simply
decreasing the average temperature, such that the thermophobic behavior becomes thermophilic. This
effect has been shown in a broad range of experimental parameters such as pH and ionic strength.67
The switching sign is typically observed in the temperature range from 5◦ to 30◦. For a wide ensemble
of experimental systems, an universal temperature dependence for ST is found with
ST = S∞T
[
1− exp
(
T ∗−T
T0
)]
, (2.40)
where S∞T describes the thermophobic Soret coefficient at high temperatures, T
∗ the temperature
where the sign changes and T0 the exponential growth. The latter empirical formula has been ex-
perimentally shown to describe the temperature dependence of the Soret effect of proteins,66, 106
DNA,57, 67 polystyrene beads of various sizes60, 67 and micelles.67 Although or even caused by the
universal applicability of Equation 2.40, its physical origin is still unclear. Depending on the particu-
lar system, different contributions are discussed in the literature, such as for instance the temperature
dependence of the thermoelectric effect,54 the viscosity (which is however not able to switch the sign
of ST) and thermal expansion.53, 67
2.2.5 Thermophoresis of Polymers
Thermophoresis of polymers is a widely studied field and has been reported on all kinds of poly-
mer systems, such as synthetic polymers and biopolymers, like DNA or proteins. For many systems
of dilute polymers, e.g. in non-aqueous solvents, it has been experimentally observed that the ther-
mophoretic mobility rises with increasing molecular weight, however, eventually reaches a maximum
D∞T and is constant for high polymers.
72, 108–110 This observation is typically explained by the fact,
that hydrodynamic interactions of the segments cancel within the polymer chain.111 The velocity of
segment i is given by107
ui = u0+∑
k 6=i
v(ri− rk) . (2.41)
Herein, u0 is the thermal drift velocity induced by the external temperature gradient and v(r) the
short-ranged flow field induced by a particle due to the phoretic drift u given by Equation 2.26. The
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shear resulting from v(ri− rk) is weak enough to not affect the statistical properties of the polymer
chain significantly, high velocity fields are only found within the boundary layer of each segment.
Also, the orientational average over the flow field 〈v(r)〉θ = 0 at a given radius r vanishes. Hence,
for high polymers, where the number of segments is large, the second term in Equation 2.41, which
reflects the hydrodynamic interactions of the segments, disappears and the mean velocity of segment
i equals the induced thermophoretic velocity of the segment, 〈ui〉 = u0 = −DT∇T . That means, the
entire polymer drifts at u0 independently from its length. The scaling of the Soret coefficient with the
hydrodynamic radius ST = DT/D ∝ Rh results from the size dependence of the diffusion coefficient
D∝ R−1h . Recently, it has been shown, that assuming a draining of the coil without interactions of the
individual segments is not necessarily needed to explain the constant DT of high polymers over the
molecular weight.112 Alternatively, a non-draining core of the coil may experience a tangential stress
within a draining layer of the polymer coil due to the mechanisms explained above.
Experiments on the thermophoresis of biopolymers has been extensively conducted in the group of
Dieter Braun.57–59, 63, 64, 77, 78, 113, 114 A study of long DNA strands showed that the above observation
of constant DT does not hold for DNA in aqueous buffer solutions.59 Within the DNA, a long-ranged
shielding couples the monomers and the independence of DT over the chain length is not seen experi-
mentally. Instead, short DNA molecules actually experience a larger thermal drift. The experimental
trend is well fitted by the capacitor model on basis of local thermal equilibrium. According to this
model, the Soret coefficient scales as ST ∝ Q2eff/R
2
h ∝ L
0.5 as the hydrodynamic radius relates to the
length of the DNA via Rh ∝ L0.75 and accordingly DT = DST ∝ L−0.25.
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2.3 Interaction of Metal Nanostructures with Light – Optical Heating
When light interacts with a microscopic structure, the electromagnetic energy can be redistributed
or absorbed. While typically for glass or polymer particles the absorption is neglected in the visible
range, both effects are significant for metal nanostructures. For the case that the structure is smaller
than the dimension of the light beam, it is convenient to introduce scattering and absorption cross
sections by dividing the scattered and absorbed optical power by the incident intensity I0 = cnε02 |E0|2,
σsca = Wsca/I0 and σabs = Wabs/I0. Herein, E0 denotes the incident electric field amplitude of an
electromagnetic plane wave. In the case of a light beam illuminating a gold film, the latter cross
sections are inappropriate to describe the light-metal interaction. Rather, absorption A, reflection R
and transmission T are introduced with the ratios of absorbed, reflected and transmitted intensity to
the incident intensity. These normalized quantities are unit-less and obey
R+T +A = 1. (2.42)
In the following, a short overview of the surface plasmon polarization is given. Then, Fresnels equa-
tions are used to calculate the absorption, reflection and transmission for a thin gold film. Finally, the
work-flow to derive the absorption of a arbitrarily shaped metal-structure is briefly discussed.
2.3.1 Surface Plasmon Polarization
Metal structures are typically used as microscopic heat sources due to their electronic properties,
which allows to couple optical energy Wabs to the electrons. Most of the energy is dissipated to heat
Q≈Wabs as the quantum yield is typically negligible.
Metals provide free conduction electrons, which are able to oscillate collectively at the interface
between a negative and positive permittivity material, i.e. a metal and a dielectric, in a resonant
manner. This effect is known as the Surface Plasmon Resonance (SPR) and will be briefly introduced
in the following. For that, two semi-infinite non-magnetic media are considered, one is a dielectric
(typically water) while the other is a metal (gold). The x axis is chosen along the metal surface and
the z axis stands perpendicular on the interface (see Figure 2.5 A). The plasmonic electric field can
be written as an evanescent wave propagating along the metal surface,115
E j = E0 e−κi|z| exp(iωt− ikxx). (2.43)
The plasmon oscillation is characterized by its dispersion relation, i.e. the relation between the wave
vector kx and angular frequency ω. Via matching boundary conditions, the electric and magnetic field
components parallel to the interface need to be continuous,116 the dispersion relation is found with
kx =
ω
c
√
εmεAu
εm+ εAu
, (2.44)
where ω/c represents the vacuum light wave vector. The indexes of the dielectric constants j = m
stands for the medium, such as water or glass, and j = Au for the metal being gold.
The free conduction electrons within the metal may be described by the Drude-Lorentz-Sommerfeld
(DLS) model, which assumes that all free electrons react in phase to an external perturbation of an
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electromagnetic wave. The DLS model yields an approximation of the complex dielectric function
εAu = εRe+ iεIm with117
εRe = 1−
ω2p
ω2
, εIm = 1−
ω2p
ω3
Γ, (2.45)
where Γ is a phenomenological damping constant of the free electrons in the metal. Obviously, the
real part of εAu appears to be negative for ω < ωp =
√
4pinee2/me. Herein, ωp denotes the plasma
frequency, ne the free electron density and me the electron mass.
Combining Equation 2.45 with 2.44, Figure 2.5 B plots the dispersion relation of the plasmon wave
together with that of light being ω= ck (gray line). While the blue line represents the dispersion rela-
tion of light in the bulk metal, the red curve relates to the dispersion relation of the surface plasmons.
At small k vectors it exhibits the same slope as the dispersion relation of light, but converges for large
k vectors and for εm ≈ 1 to the surface plasmon frequency
ωsp = ωp/
√
2 (2.46)
at the resonance, where εm + εAu takes a minimum. This condition is fulfilled when the dielectric
function of the medium and the real part of the gold match as εm+ εRe = 0.
Due to the evanescent nature of the plasmonic wave for ω< ωsp, no electromagnetic field can prop-
agate within the metal, but only along the surface (x direction). The length scale κ j on which the
electric field decays, called penetration or skin depth, is given by
κ j =
ω
c
√
−ε2j
εm+ εAu
. (2.47)
For example, at λ= 700nm wavelength, a skin depth in gold (εRe ≈−16) is found with κAu = 26nm
and in water (εm ≈ 1.77) with κm = 238nm.115
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Figure 2.5: A Schematic illustration of the evanescent electric field of the surface plasmon at a metal-dielectric
interface, which only propagates in x direction, but exponentially decays in z direction. B Dispersion relation
of the light in the metal (blue) and that of the surface plasmon polarization (red) according to Equation 2.44
combined with 2.45. The diagonal gray line represents the dispersion relation of light, which is approached
by the surface plasmon line for small k values. For large k values, the surface plasmon line converges to the
surface resonant frequency ωsp.
Note, that the surface plasmon curve is always beneath the light curve without an intersection, such
that the k vectors do not match. That means that the optical excitation of surface plasmons is not
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trivial. Nevertheless, there are several mechanisms that assist external radiation to couple to surface-
plasmon polaritons. One way is to use a periodic structure on the gold surface (grating) or the surface
roughness to scatter the incident light,118 which may provide the required k vector via umklapp pro-
cesses.119 Most popular is the excitation via attenuated total reflection (ATR, also called Kretschmann
configuration),120, 121 where a second interface is introduced, such that the former gold half space re-
duces to a thin layer between two dielectric media with εm1 > εm2. This results in two dispersion
relations for each gold-dielectric interface. Now, the normal light relation in medium 1 intersects
the surface plasmon dispersion relation of gold-medium 2 interface, where thus plasmons can be ex-
cited by an appropriate adjustment of the k vector (typically by the incident angle) of the incoming
light. A description using Fresnel’s equations is presented in the next section. ATR has become the
standard method in surface plasmon assisted spectroscopy, where, based on the strong sensitivity on
the surrounding dielectric, the plasmon resonance is used as a sensor for changes in the dielectic
constant. Due to the optical properties of the evanescent plasmonic wave, the sensor is sensitive to
the dielectric constant only within a thin layer above the gold film. Hence, changes in the adsorption
characteristics of molecules altering the dielectric constant of the solvent ε at the gold-water interface
may be detected.122, 123
2.3.2 Absorption by a Thin Metal Film
In the following, thin film optics on the basis of Fresnel’s equations is used to calculate the absorption
A, reflection R and transmission T of a thin metal film. It shall be considered that a plane wave of
amplitude Ei is incident from bulk medium 1 and hits a gold film (medium 2) of thickness d under
an angle θ1. Part of the wave is reflected described by r12 = Er/Ei. Another part is refracted into the
gold film, t12 = Et/Ei, changing the angle of propagation according to Snells law, n1 sinθ1 = n2 sinθ2.
The situation is illustrated in Figure 2.6. The Fresnel coefficients are given by124
t12 =
2n1 cosθ1
n2 cosθ1+n1 cosθ2
and r12 =
n2 cosθ1−n1 cosθ2
n2 cosθ1+n1 cosθ2
. (2.48)
glass
Au
water
Figure 2.6: Propagation of light (incident angle θ1) through a thin metal film of thicknes d and complex
refractive index n2 surrounded by two dielectric media (n1 and n3) causing reflection and transmission.
Here, only the polarization parallel to the incident plane (TM or p polarization) in considered, as
this is the orientation that is able to excite plasmon oscillations. The second interface between gold
and a bulk medium 3 leads to an additional reflection and transmission described by r23 and t23
analog to Equations 2.48. This leads to multiple reflections within the thin film of gold. The total
2.3 Interaction of Metal Nanostructures with Light – Optical Heating 25
transmission and reflection is described by a series of reflection and transmission coefficients that
converges to124, 125
t =
t12t23eiβ
1+ r12r23e2iβ
and r =
r12+ r23e2iβ
1+ r12r23e2iβ
. (2.49)
The parameter β = 2piλ0 n2d cosθ2 accounts for the phase of the light due to the path difference of two
neighboring interfering beams in the gold film.126 Note, that the gold film shows a complex index
of refraction n2 leading to a non-zero absorption. The transmission and reflection of intensity is then
found from the amplitude coefficients via
T =
n3 cosθ3
n1 cosθ1
|t|2 and R = |r|2 . (2.50)
The prefactor for the transmission appears due to energy conservation during refractions of the light.
Absorption is calculated via Equation 2.42. The absorption, reflection and transmission is shown in
Figure 2.7 for medium 1 being glass of refractive index n1 = 1.5 next to a gold film of thickness
d = 50nm and air (n3 = 1.0, A) or water (n3 = 1.33, B) as medium 3. The vacuum wavelength
of the incident light is assumed with λ0 = 532nm. The case of air shall be discussed first. The
dependence of R, A and T on the incident angle is essentially flat until the total reflection internal
angle (TR) is reached, where the transmission drops to zero. Accordingly, the reflectance shows a
jump as well. Increasing the incident angle further, leads to an abrupt decrease in reflectance that goes
along with a resonance in absorption at about θairSP = 48
◦. At that angle, surface plasmons are excited
by attenuated total reflection as explained in the last Section 2.3.1. An oil immersion objective lens
with a numerical aperture of NA = 1.35 provides a maximum incidence angle of about θNA ≈ 64◦
(O), such that the plasmon resonance could be excited by a focused laser beam. Calculating the same
spectra for water as the third medium, one recognizes that the distinct resonance flattens to a shallow
maximum at θwaterSP = 78
◦, which is beyond θNA and can thus not be excited. The shallow resonance is
caused by the higher refractive index of water, which is much closer to that of glass compared to the
low reflective index of air. Nevertheless, the high absorbence of about 35% over the entire angular
spectrum resulting from the high imaginary part of n2 ensures the potential of the gold film as an
efficient heat source, even for the case that no SPR can be excited.
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Figure 2.7: A Absorption A, reflection R and transmission T of λ0 = 532nm light incident on a gold film of
d = 50nm thickness from glass (n1 = 1.5). The third medium is air with n3 = 1.0. The complex refractive
index of gold n2 is calculated from the dielectric data of gold by Johnson and Christy.127 The total internal
reflection angle is marked with ‘TR’ and the maximum incident angle that can be provided by a NA = 1.35
objective lens with ‘O’. B Same for water as the third medium with n3 = 1.33.
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2.3.3 Absorption by an Arbitrary Metal Structure
For metal structures of sizes that compare to the wavelength of the light, the interaction cross sec-
tions can be calculated analytically for a collection of simple shapes including spheres,117, 128 layered
spherical129 or rod-like particles.128 The absorption properties as well as local field enhancement
may be tuned by optimizing the shape of the gold structure often leading to a complex morphology,
such as gold shells, bow-tie antennas, star-like particles or nano-cages.130–133 Independently from
the particular morphology, the heat generation in general relates to the Joule effect and is a result of
resistive losses. The heat power density q(r) is accordingly given by85, 134
q(r) =
1
2
Re [J∗(r) ·E(r)] . (2.51)
The electronic current density J may be expressed as the time-derivative of the dielectric polarization
density J = ∂tP = iωP, with P = ε0ε(ω)E. The current density is therefore directly related to the
electric field amplitude, such that the heat power density takes to following form
q(r) =
ω
2
ε0Im [ε(ω)] |E(r)|2 . (2.52)
The overall heat power is calculated via an integration over the metal particles volume, Q =∫
NP q(r)d3r. As the heating power is proportional to the intensity of the illuminating wave, I0 =
cnε0
2 |E0|2, the absorption cross section σabs = Q/I is typically used as a particle parameter. The cal-
culation of the amount of heat that is generated by an arbitrary metal structure hence boils down
to a calculation of the electric field amplitude within the structure. For that purpose, different nu-
merical methods such as the boundary element method (BEM),135 the discrete dipole approximation
(DDA)136 or finite difference time domain method (FDTD)137 have been developed. An overview
can be found in the review article of Myroshnychenko et al.138
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2.4 Temperature Distribution Around a Heat Source
The last section treated the generation of heat within metal nano-structures. Such structures are typ-
ically embedded in a medium like water, glass or a polymer. The thermal energy that is released by
the nanoscopic heat source is thus distributed in the surrounding leading to a specific temperature
profile. From the mathematical point of view, the problem of heat diffusion is equivalent to particle
diffusion discussed before. The Fokker-Planck equation of Section 2.1.2 may thus be rewritten in the
heat diffusion language to calculate temperature profiles instead of concentration or probability den-
sity profiles. In the case of water being a liquid, advection due to buoyancy may also be considered
to contribute to the heat transport. However, the thin height of the water films used in the experi-
ments prevent buoyancy to play a dominant role.139 Radiative heat transfer may be also neglected,
as a simple estimation shows. Using the Stefan-Boltzmann law, a 100nm-diameter gold particle
heated to about 5K surface temperature elevation releases its energy by radiation only by a fraction
of about Prad/Pabs ∼ 10−6. In the following it shall be therefore concentrated on the establishment of
temperature profiles via diffusive heat conduction.
2.4.1 Fouriers Law and Heat Equation
The amount of energy or heat that is stored in a particular temperature distribution T (r, t) is given
by uth(r, t) = ρcpT (r, t), with ρ and cp being the mass density and the specific heat capacity of the
medium at constant pressure. According to Fourier’s law, any gradient in the temperature profile
will lead to a flow of thermal energy jth(r, t) = −κ∇T (r, t) proportional to the thermal conductivity
κ. The governing equation of heat conduction, the so-called heat equation, directly follows from
conservation of energy described with the continuity equation ∂tuth(r, t)+∇ · jth(r, t) = q(r, t),140
ρcp
∂T (r, t)
∂t
= κ∇2T (r, t)+q(r, t). (2.53)
The source term q(r, t) accounts for the thermal energy provided per volume and time, i.e. is a heating
power density and may depend on space and time. In particular, q(r, t) represents the thermal cou-
pling to the optically absorbed power described by Equation 2.52. To represent the diffusive nature
of heat conduction, the material coefficients κ, ρ and cp are conveniently combined to the thermal
diffusivity λ= κ/ρcp, which shares the unit µm2/s with the mass diffusion coefficient.
The analogy to mass diffusion (see Equation 2.14) also directly delivers the solution of Equation 2.53
for the evolution of the temperature when the source term is given by q(r, t) = Ethδ(r)δ(t), that
means the case of a point-like particle at the origin that releases the thermal energy Eth at t = 0 with
r ≡ |r|,141
T (r, t) =
Eth
ρcp
1
(4piλt)3/2
exp
(
− r
2
4piλt
)
+T0. (2.54)
As a particle’s probability density for mass diffusion (Equation 2.14), the heat that is concentrated in
the beginning at the origin exhibits a Gaussian shape at time t and spreads with time. The thermal
diffusivity λ gives rise to a characteristic relaxation time, that is discussed in detail in Section 2.4.3.
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2.4.2 Steady-State Temperature Profiles
Point Heat Source On the length scale of nanometers, the relaxation of the heat is typically fast
(see discussion Section 2.4.3), such that after switching on a steady heat source, the system rapidly
converges to its steady-state. Disregarding the time-dependence, Equation 2.53 simplifies to the
Poisson equation or steady-state heat equation
κ∇2T (r) =−q(r). (2.55)
The source term is considered with a point heat source embedded in an infinite bulk medium and
releases a constant amount of energy per time, q(r) = Qδ(r). At infinity, the temperature field
has to match the ambient temperature T0. The according solution of the Poisson equation is well-
known from electrostatics text books and is given with a one over distance temperature profile
T (r) = Q/4piκr + T0.142 Note, that while a pulsed heating leads to an exponential decay of the
temperature profile (Equation 2.54), even the smallest steady heat source induces a long-ranged tem-
perature profile lacking an intrinsic length scale due to the weak algebraic decay of ∼ r−1. Also,
while the temporal evolution of the temperature field is described by the thermal diffusivity λ, the de-
cay of the steady-state temperature profile solely depends on the thermal conductivity κ. Solutions of
Equation 2.55 are also known for the special cases that the heat source is embedded in a semi-infinite
medium with a boundary to a second medium of different thermal conductivity143 or placed within
an thin slab of a medium in between two different adjacent media.144 In both cases, the temperature
field is not significantly altered as compared to the infinite bulk in the close proximity of the heat
source, but is distorted close to the boundaries.145
Spherical Particles In reality, even the small plasmonic heat sources exhibit finite sizes. The pro-
totype heat source for many theoretical as well as experimental considerations is the spherical particle
embedded in a bulk medium, which keeps its symmetry in the generated temperature field. Assuming
a spherical gold particle of radius RNP and thermal conductivity κAu constantly releasing heat at a rate
Q = q 43piR
3
NP = σabsI0 embedded in a medium of κw being typically water, the temperature field is
described by the following set of differential equations
κAu∇2T (r) =−q for r < RNP, (2.56)
κw∇2T (r) = 0 for r > RNP. (2.57)
The latter equation system is solved by the following expression143
T (r) =
∆TsurfRNP
r
+T0, (2.58)
wherein ∆Tsurf = Q/4piκWRNP denotes the surface temperature of the sphere. Outside the particle,
the temperature profile exhibits the same shape as the point heat source truncated at the particle’s
radius. The inner of the particle is practically isothermal due to the high thermal conductivity of gold
(κAu  κw). For the case that the particle-medium interface exhibits a finite surface conductivity
g which cannot be neglected, the inner of the sphere is hotter than the particle’s (outer) surface
by the factor (1+λK), where λK = κw/(gRNP) is a dimensionless parameter quantifying the Kapitza
resistivity 1/g.141 The shape of the temperature field outside the particle, however, remains unaffected
by g.
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Arbitrary Heat Source Despite the simplicity of the Poisson equation, the calculation of the
temperature distribution around an arbitrarily shaped particle of known heat source density is not
trivial. An analytical approach utilizes the Greens function of Equation 2.55 given by G(r,ri) =
1/4piκ |r− ri|. Consider a gold structure consisting of single well-separated gold nano-particles, each
releasing a heating power Qi. Utilizing the linearity of the Poisson equation, the temperature profile
is described by134
T (r) =∑
i
G(r,ri)Qi. (2.59)
The temperature of each individual particle is accordingly given by T (ri) = ∑ j G(ri,r j)Q j. The at-
tempt of modeling the transition from discrete heat sources to an arbitrary continuous heat source
q(r) by replacing the sum in Equation 2.59 by an integral such that the temperature profile would
be given by ∆T (r) =
∫
VNP G(r,r
′)q(r′)d3r′ fails. The reason for that is the higher thermal conduc-
tivity of the gold as compared to the medium, which tends to smoothen the temperature distribution
within the gold structure. This is not taken into account with the simple Greens function approach,
which, however, can be modified by calculating a fictive heat source density that induces a uniform
temperature over the metal structures volume.134
In practice, the heat equation 2.53 in its time-dependent form, but also the Poisson equation 2.55,
in which the dynamics has been dropped, are often solved by numerical means. Particularly finite
element methods (FEM) are widely applied. FEM solve the partial differential equations for given
(possibly complex) boundary conditions by dividing the whole problem space in subdomains, called
finite elements. Readily compiled software packages, such as COMSOL Multiphysics including ad-
vanced add-ons like the heat-transfer module, provide a versatile toolbox with elaborate functionality
far beyond the heat equation. After modeling the problem in terms of its geometry, constraints and
boundary conditions are set. To gather the shape of the temperature field, typically, the tempera-
ture along a surface A (surface of heated gold structure or boundaries with ambient temperature) is
set T (r, t)|A = TA(r, t). These are called Dirichlet boundary condition. Alternatively, a source term
qV (r, t) = (κ∂nT ) |V can be directly set describing the heat that enters the system (von-Neumann
boundary condition).
2.4.3 Time Scales of Relaxation
The relaxation cascade of optically excited gold structures consist of three steps.130, 146 Oscillations
of the free electrons are excited by the incident light. The first step is the thermalization of the free
electron gas which happens on a time scale of 100fs141, 147 and increases the electronic temperature,
while the photonic temperature is still in equilibrium with the surrounding. In a second step, the
absorbed energy is transfered to the lattice via electron-phonon interactions. After a time scale of
about 2ps, the electronic system is in equilibrium with the lattice of metal ions.148 Still, the energy
is not yet released to the surrounding. The latter time scales are only dependent on the material but
hardly depend on shape of the metal structure. In a third step, the heat is conducted to the surrounding
media by thermal diffusion. This process is described by Equation 2.53 and thus dependent on the
length scale of the system. A dimensional analysis yields a typical time scale of the thermal relaxation
of τth = ρcκ L
2 = L
2
λ . As the thermal diffusivity of gold is about three orders of magnitude higher than
that of water (λAu = 127·10−6 m2/s vs. λwater = 0.143·10−6 m2/s),141 the relaxation is faster in
the gold by the same factor. In terms of fast heat release, the limit is thus given by the surrounding
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medium, i.e. typically water or glass. As can be seen from Equation 2.58, the temperature field decays
over the length scale comparable to the size of the heat source. Small structures of less than 100nm,
hence, establish their temperature field in less than 100ns and may be assumed as instantaneous
compared to the experimental time scales relevant for this thesis, i.e. the feedback update rate of
τFB = 10ms limited by the CCD camera. For larger length scales, the time to reach a steady state
temperature distribution increases significantly. However, even for distances over a few micron, the
relaxation time is more than an order of magnitude faster than τFB (see Figure 2.8). A more thorough
analysis of the interplay of time scales and also the influence of interracial resistivity may be found
in the paper of Baffou and Rigneault.141
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Figure 2.8: Overview over the time scales of the different relaxation processes: electron-electron (e-e, green)
and electron-phonon (e-p, blue) relaxation within the metal structure, relaxation by thermal diffusion in the
metal (Au, red) and water (black). All discussed time scales are well below the minimum CCD exposure time
of about 10ms.
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2.5 DNA as a Model System for Linear Polymer Chains
Along with proteins and saccharides, deoxyribonucleic acid (DNA) is one of the major biopolymers
and is generally known for its property of carrying genetic information. It is therefore of fundamental
interest in life sciences, such as biology or biochemistry. Beyond that, its long-chained appearance,
well-defined structure as well as unique biophysical properties make DNA interesting in polymer
physics, as it is prototypical for a linear unbrached polymer chain. The following section will first
give a very brief overview of the structural properties of DNA. Then, a few basic concepts of how
to physically describe a single polymer chain will be introduced. Throughout this section, DNA is
considered as dilute in aqueous solutions assumed as good solvents.
2.5.1 Fundamental Properties of DNA
Monomers of DNA are called nucleotides and consist of three components: a phosphate group, a
five-carbon sugar (deoxyribose) and one of the nucleobases cytosine (C), guanine (G), adenine (A)
and thymine (T). A single strand is called polynucleotide. The backbone of the DNA strand is made
from alternating phosphate and sugar residues which are covalently bound. The nucleotides only
differ in the nucleobases, which is why typically the abbreviations C, G, A and T are used. The
physical properties are typically assumed to be independent of the particular base sequence. DNA
molecules naturally consist of two strands coiled to the form of a double helix, of which different
forms exist (A-DNA, B-DNA or Z-DNA). The most common and being the only relevant form for
this thesis is B-DNA. Often, the term double-stranded DNA, short dsDNA, is used to differentiate
from a single strand accordingly termed single-stranded DNA or ssDNA. Within the double helix,
the strands are connected over complementary base pairs (A with T and C with G) via hydrogen
bonds. This molecular structure was first described by Watson and Crick in 1953,149 who found a
spacing between neighboring nucleotides of 0.34nm as well as a diameter of the double helix of
about 2.0nm. One turn of the helix comprises about 10 base pairs and thus exhibits a pitch of 3.4nm.
Depending on its origin, a single dsDNA molecule may be very large and can consist of millions of
base pairs. The hydrogen bonding between the base pairs may be overcome by thermal energy. This
melting process typically happens between 45◦C and 60◦C and leads the dsDNA to fall apart into two
single strands of DNA. This process is reversible and the dsDNA-forming binding process is called
annealing.150
For this thesis, λ-DNA was used, which refers to the genome of the enterobacteria phage λ, a bacterial
virus infecting Escherichia coli (E. coli). The linear DNA molecule contains 48490 base pairs of
dsDNA. Both ends consist of 12 base ssDNA segments, such that the whole molecule is made of
48502 base pairs.151 This corresponds to a contour length of 16.5µm. Its base sequence has been
known since 1982.152
2.5.2 Physical Description of a Single Polymer Chain
Depending on the purpose, a polymer chain can be modeled on different levels of accuracy. Due
to the vast amount of possible configurations that are randomly taken by the polymer chain, it is
reasonable to use statistical descriptions. In the following, the most important terms and concepts of
two simple models needed in the last part of the thesis shall be briefly introduced.
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Freely-Jointed Chain The ideal or freely-jointed chain is the simplest way to model a polymer,
as all kinds of interactions between the monomers, such as excluded volume effects, are neglected.
A chain consists of n+ 1 monomers that are assumed as jointed rigid rods, each of length b. The
conformation is described by bond vectors ri = Ri −Ri−1, where Ri denotes the position of the
i-th monomer. The contour length is accordingly given by Lc = ∑
i
|ri| = nb. The angles between
subsequent bond vectors are arbitrary. The chain is therefore represented by a 3D random walk of
constant step-size b.
The size of an individual polymer chain configuration may be characterized by different parameters,
of which one is the end-to-end distance
Ree =∑
i
ri = Rn−R0. (2.60)
The bond vectors are assumed to be independent of each other,
〈
ri ·r j
〉
= δi jb2, and their mean
vanishes, 〈ri〉= 0. It can be shown that, due to the central limit theorem, the end-to-end distance has a
Gaussian probability distribution of vanishing mean, 〈Ree〉= 0.92, 153 A meaningful characterization
of the polymer coil dimension is thus given by the mean squared end-to-end distance that takes
the value
〈
R2ee
〉
= nb2. The root mean squared (rms) end-to-end distance therefore scales as R¯ee =√〈R2ee〉 ∝ n1/2.
Caused by the high level of coarse-graining, the ideal chain model fails at the microscopic scale
of single monomers and is not a priori suited to describe dsDNA. The bending energy between the
nucleotides are not negligible compared to kBT , however, no bending stiffness was considered. Phys-
ically, a finite bending stiffness increases the rms end-to-end distance of a polymer. Within the ideal
chain model, this may be considered by the introduction of an artificial parameterization, which ef-
fectively accounts for a bending stiffness. This is achieved by combining monomers to segments and
introducing an effective number of repeat units nK < n smaller than the number of monomers n as
well as a length over which the polymer appears to be stiff, called the Kuhn length LK. In that way,
the contour length Lc = nKLK is preserved. The single Kuhn segment exhibits the length LK = σb
and is rescaled by a factor σ> 1 accounting for short-ranged orientation correlations. The number of
segments decreases accordingly. Essentially, the segmental length has been renormalized such that
the polymer is stiff on length scales smaller LK, but there is no orientational correlation between the
Kuhn segments. The mean squared end-to-end distance then reads154〈
R2ee
〉
= nb2σ= nKL2K = LcLK. (2.61)
Besides R¯ee, another quantity to measure the extend of a polymer chain is the radius of gyration,
which is defined as the root-mean-squared deviation of the monomers from the chains center of
mass, RG =
√〈(Ri−〈Ri〉)2〉. In the case of freely-jointed chains, the radius of gyration is given by
RG =
√
1
6 nb =
√
1
6 nKLK =
√
1
6 LcLK. Thus, the ratio between the rms end-to-end distance and the
radius of gyration is given by R¯ee/RG =
√
6.92, 150
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Figure 2.9: Sketch of a polymer chain, illustrating the main quantities and parameters described within this
section. The Ri parametrization is used in the freely-jointed chain model, while for the worm-like model the
R(s) parametrization is introduced.
Worm-like Chain Like dsDNA, Polymer chains often obey Hook’s elasticity law under small de-
formations. A model which intrinsically includes a bending rigidity is the worm-like chain model.
Here, the polymer is considered as a continuous chain of length Lc. The chain is parameterized by
a parameter s, such that s = 0 and s = Lc correspond to the two ends and the conformation of the
chain is continuously described by R(s). To mathematically define the persistence and the bending
energy, it is useful to introduce the tangential vector along the polymer’s path, t(s) = ∂sR(s). Due
to the choice of the parameterization, the contour length is Lc =
∫ Lc
0 |t(s)|ds, and it follows that the
tangential vector automatically is a unit vector, |t(s)| = 1. The total bending energy of the polymer
chain is then given by92, 150
Ubend =
1
2
E
Lc∫
0
∣∣∣∣dt(s)ds
∣∣∣∣2 ds, (2.62)
where E in units of Nm2 describes the bending rigidity of the chain. In thermal equilibrium, the
conformational probability distribution obeys a Boltzmann statistics with92
P [u(s)] ∝ exp
(
−Ubend
kBT
)
= exp
1
2
Lp
Lc∫
0
∣∣∣∣dt(s)ds
∣∣∣∣2 ds
 , (2.63)
wherein Lp = E/kBT is the persistence length of the chain. For DNA molecules in aqueous solvents,
a bending rigidity of E = 2·10−28 Nm2 leads to a persistence length of about Lp = 50nm.92, 150 Its
physical interpretation becomes immediately clear when considering the angular correlation function
between two sites s1 and s2 along the polymer which decays over the persistence length,92, 154
〈t(s1) · t(s2)〉= exp
(
−|s2− s1|
Lp
)
. (2.64)
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The persistence length is thus characteristic for the decay of the direction of the tangential vector, i.e.
for the strength of the bending. The rms end-to-end distance of the polymer can be directly calculated
from Equation 2.64 to92, 154
R¯ee =
√
2LcLp−2L2p(1− e−Lc/Lp). (2.65)
In the case that the polymer chain is much longer than the persistence length (coil-like polymer, ideal
chain limit), Lc  Lp, Equation 2.65 reduces to R¯ee =
√
2LcLp. This is in particular the case for
λ-DNA. Comparing with Equation 2.61 of the freely-jointed chain model, the Kuhn length in this
limit is twice the persistence length, LK = 2Lp. Accordingly, the radius of gyration is related to the
persistence length via RG =
√
1
3 LpLc. In the opposite limit with Lp Lc (rigid rod-like polymer), the
rms end-to-end distance obviously equals the contour length, i.e. R¯ee = Lc.
Diffusion Coefficient In solution, a polymer chain undergoes Brownian motion. Each segment
is subjected to collisions with the solvent molecules inducing a random force (see Section 2.1.2).
Due to the Stokes drag, each monomer induces a flow field which decays with one over distance.
Nevertheless, the diffusion coefficient for the center of mass (com) of the polymer chain can be
described by a Stokes-Einstein relation
Dcom =
kBT
6piηRh
. (2.66)
Herein, the hydrodynamic radius Rh is a measure for the effective size of the macro-molecule in
terms of internal hydrodynamic interactions. The polymer chain is thus much slower than a single
monomer as the macro-molecule drags a volume 43piR
3
h of solvent with it. Within the Zimm theory,
which models the dynamical chain behavior and includes hydrodynamic interactions between the
single monomers, it can be shown, that Rh is given by the relation155
1
Rh
=
〈
1∣∣Ri−R j∣∣
〉
. (2.67)
The average is performed over all conformations as well as over all pairs of monomers i 6= j of a
particular configuration. For the ideal chain, the relations between the radius of gyration, the rms
end-to-end distance and the hydrodynamic radius are given by Rh =
3
√
pi
8 RG ≈ 0.66RG ≈ 1.63 R¯ee.155
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The present chapter treats experimental prerequisites, which are specific to the experiments associated
with the thesis and may support the understanding of the results. First, the sample preparation is
discussed followed by a description of the experimental setup.
3.1 Sample Preparation
Preparation of Gold Nano-Structures For the preparation of the microscopic heat sources, i.e.
the gold structures, a simple approach commonly called micro-sphere lithography is pursued.156 The
most important steps are schematically shown in Figure 3.1 A. Glass cover slides (Carl Roth No. 1,
22× 22mm) are cleaned with aceton, isopropanol, ethanol as well as deionized water and are dried
under a nitrogen stream. The slides are held by a special mount that is installed into a vacuum
chamber in which a 5nm chromium adhesion layer is coated by thermal evaporation (1). After that,
the slides are removed from the vacuum and are placed in a plasma chamber for 10s to induce a
hydrophilic surface. Polystyrene micro-particles (5−15µm, Microparticles GmbH) are spin-coated
at 8000rpm from aqueous solution onto the chromium layer (2). The concentration is adjusted such,
that the beads are mainly isolated on the chromium layer (see Figure 3.1 B).
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Figure 3.1: A Procedure to prepare gold nano-structures by micro-sphere lithography. 1. Coating of a 5nm
chromium adhesion layer. 2. Spin-coating of micro-beads. 3. Coating of a 50nm gold layer. 4. Removal of the
micro-beads. 5. Removal of the chromium layer by etching. 6. Passivation of the surfaces by Pluronic F-127
(purple) and assembly of the fluid chamber. Note that the schematic representation is not to scale. B Electron
micrograph of a polystyrene bead coated with a gold film. The shadow leaves a circular gold structure in the
gold film covering a glass slide. C Same a in A, but closed packed layer of polystyrene beads to prepare a
patchy array of gold triangular islands.
A 50nm gold film is evaporated on top (3). After the glass slides are removed from the vacuum
chamber, polystyrene particles are removed by sonication in a bath of deionized water (4). Note,
that the same procedure is used to produce extensively studied hybrid micro-particles, that consist of
a polystyrene bead covered by a gold hemi-sphere (‘Janus particles’).157, 158 The removal of these
particles should not take longer than about 30s, as the gold film may lift off from the adhesion layer.
This is due to the two-step coating procedure, in which the chromium layer oxidizes during its contact
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to air. Residual polystyrene beads are dissolved by toluene. What remains is a gold film that contains
circular holes at the sites of the removed polystyrene micro-spheres. The uncovered chromium layer
within the holes is removed by etching (5) using Chromium Etch No. 1 purchased from MicroChem-
icals GmbH. Also a patchy structure of isolated triangular gold islands in a hexagonal array can be
achieved by spin coating a less dilute solution to form a closed packed mono-layer of beads (see
Figure 3.1 C).
Sample for the Experiment All current versions of the thermophoretic trap are 2-dimensional in
that sense that the confinement by means of thermal gradients can only be realized in lateral direc-
tions. The third direction thus needs to be limited spatially. In the experiments, the solvent is confined
to a film of 500nm to 1µm height between two glass cover slides. While one carries the gold nano-
structures that can be heated optically, the second slide (also Carl Roth No. 1, 22x22 mm) is coated
in the outer regions with a layer of spray paint, that acts as a spacer of a few hundred micron in
height. Therefore, a 2 cent euro coin of 19mm diameter is used as a mask. The two cover slides are
assembled to confine the solvent and the specimen and are placed into a sample holding device, that
is able to apply gentle pressure to the upper glass slide, which in turn bends controlled by a microm-
eter screw to adjust the water film thickness to the desired value (see Figure 3.2). A stamp made of
polydimethylsiloxane (PDMS) prevents a hard contact between the micrometer screw and the glass
that possibly breaks the glass slide. Depending on the purpose of the experiment, it is possible to
assemble the fluid chamber such that the gold structure is on the top or on the bottom (2nd case is
shown in the Figure). The latter configuration has the advantage that a radiation-pressure-induced
spatial lateral confinement can be immediately excluded, as potential radiation pressure would push
particles to the upper glass slide without a gold structure. However, particles outside the trapping
region are hardly visible, because their fluorescence is blocked by the gold film. Therefore, in the
first proof-of-principle experiments, a gold-on-the-bottom configuration was used, whereas later the
opposite is used. The glass and gold surfaces are passivated by Pluronic F-127 (Sigma-Aldrich) to
avoid an adhesion of the colloids. To do so, both cover slides are placed in a bath containing a 4wt.%
aqueous solution of Pluronic for at least 60 minutes after 20s of treatment with a plasma cleaner for
hydrophilization.
PDMS
pressure
observation & excitation
glass
sample holder 
paint
Figure 3.2: Schematic representation of the fluid chamber.
The film of solvent, that is deionized water (Milli-Q, resistivity 18.2MΩ · cm), contains the particles
or molecules that shall be trapped. For most experiments, dye-doped colloidal particles (Invitrogen
FluoSpheres) of size 28nm, 200nm and 460nm are used.
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For the DNA trapping experiments the samples are prepared as follows. λ−DNA (NEB, N3011) of
16.3µm contour length is stained with the bisintercalating fluorescence dye POPO-3 (life technolo-
gies, P3584) at a ratio 1 dye/8 base pairs in 100mM phosphate buffer (sodium phosphate buffer:
18.8mM NaH2PO4 ·H2O, 81.3mM Na2HPO4 ·2H2O, resulting in a pH of 7.5) at a final DNA con-
centration of 1.28nM. This solution is incubated for at least 1 hour at 50 ◦C in order to ensure ho-
mogeneous staining. The contour length of the DNA is expected to increase to approximately 19µm
due to intercalation of POPO-3. For the trapping experiments the DNA was further diluted with H2O
by a ratio of 1 : 30.
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3.2 Experimental Setup
The setup on which the trapping experiments are performed is specifically designed to fulfill two
major demands. First, the objects of interest, particles or molecules, need to be observed, which is
realized via fluorescence. Second, the gold structure needs to be heated locally to create the temper-
ature profiles able to confine the object of interest. The latter is achieved by absorption of a laser
beam. Especially in the latest version of the trap, the two characteristics are connected via a feed-
back. The following section will cover the experimental setup as well as the interplay of its individual
components.
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Figure 3.3: Cartoon representation of experimental setup for thermophoretic trapping using a steady heating
by an expanded laser beam.
Microscopy Setup The entire experimental setup schematically shown in Figure 3.3 is built around
a modified inverted microscopy stage (Olympus IX70) mounted on a pneumatically stabilized optical
table. The original tube lens of f = 18cm focal length has been replaced by a f = 50cm achromatic
lens (T). The same objective lens (Olympus lens 100/NA1.3, adjustable aperture) is used for the
detection as well as the excitation. The replaced tube lens leads to an effective magnification of 278x.
For imaging, an electron multiplying charge-coupled device (EMCCD camera, Andor iXon3 897) of
16µm pixel pitch is employed. Typically, the exposure time is set to τexp = 0.01s, which leads to a
frame time of τframe = 0.01091s in frame transfer mode. Also, in most experiments, a 2x2 or 4x4
pixel binning is used. The images are read out by a dedicated LabView 8.5 program via a controller
board installed to a personal computer (Intel i7, 16GB memory, 256GB solid-state drive, Windows 7).
The sample holder, to which was already commented above, is mounted to a 3-axes piezo stage, that
is able to travel 20µm in vertical (e.g. for focusing purposes) and 100µm in lateral directions. The
stage is mainly needed to adjust the gold structure in the field of view. For excitation of fluorescent
nano-objects a laser beam of 532nm wavelength (Pmax = 50mW) is expanded by a pair of lenses
(LS1). An additional lens (B) is used to focus the beam to the back-focal plane of the objective lens
such that a parallel illumination with Gaussian intensity profile of width ω0,w ≈ 20µm is achieved in
the sample plane. A suited dichroic mirror (D) reflects the excitation beam into the objective lens.
An optional brightfield illumination from the top helps to visualize the metal structure on demand.
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In the first generation of the thermophoretic trap (see Results Chapter 4), the expanded laser beam
is not only used for excitation of the fluorescence but also for heating of the circular gold structure.
While such an illumination leads to a heating of the entire gold structure, for the second and third
trap generation, a localized heating is employed. For this purpose, the setup is extended with an
additional focused 532nm laser beam (ω0,h ≈ 1µm), which can be steered within the sample plan
by means of an 2D-acousto-optic deflector (2D-AOD) purchased from Brimrose USA. The advanced
setup is shown in Figure 3.4. The parallel laser beam is expanded by a pair of lenses (LS2) to adapt
the size of the crystals within the acousto-optic deflector. The AOD is able to deflect the beam in two
directions by 2.3◦ and has an access time of 15µs. To ensure that the focused laser beam is scanned
properly in the sample plane, another system of lenses (LS3) is used such that the center of the AOD
is imaged to the back-focal plan of the objective lens.
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Figure 3.4: Schematic representation of experimental setup for thermophoretic trapping using a dynamic
heating by a focused laser beam.
Calibration of the AOD The acousto-optic deflector (AOD) is used to steer the beam in two di-
mensions. Therefore, a certain voltage at the AOD controller input corresponds to a certain deflection
angle of the beam. The AOD consists of two independent deflection units, thus, two voltages are
needed for the x and y direction, both provided as analog signals by the ADC (AdWin, see below).
The relation between control voltage, deflection angle and hence the beam position in the sample
plane (in pixel) is however not trivial and needs to be calibrated before each experiment. To do so,
a matrix of voltage values for the deflection in x and y direction is assigned and the resulting beam
positions are acquired by tracking the appearing spots on a fluorescing film. Figure 3.5 A and B show
the data for an example calibration. Obviously, a tilt is present between the corresponding matrices of
the voltages and the tracked beam positions, which can be attributed to a slight tilt between the stage
to which the AOD is mounted and the CCD camera. Each coordinate component hence depends
on both, the x and y voltage. After correction for this tilt angle, that is −0.557◦ in the calibration
presented in Figure 3.5, the beam’s x position only depends in good approximation on the voltage
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controlling the x component (respectively for the y component). An averaging then yields the cali-
bration curves for the x (black) and y (green) direction shown in Figure 3.5 C which appear strongly
non-linear. The curves are fitted by polynomials of 10th order and the resulting parameters together
with the tilt angle are later used to steer the beam to the desired position. The resulting intensity dis-
tribution in the sample plane appears inhomogeneous as can be seen from Figure 3.5 D. The optical
components however can be adjusted such that the intensity distribution shows a distinct maximum in
the center of the field of view. In the experiments performed, the beam is always steered on a circular
path around the maximum, such the beam intensity along the path is approximately constant at 82%
of the maximum intensity with a relative standard deviation of 2% (see Figure 3.5 C, red curve).
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Figure 3.5: A Tracked x component of the beam illuminating a fluorescent film in the sample plane in de-
pendence on the x and y control voltages. B Same for y component. C Non-linear relations between control
voltage and beam position after correction for the tilt angle (here −0.557◦). The red curve with the colored
axes shows the angular intensity distribution along the dashed circle in D. D Intensity distribution within the
sample plane normalized to the maximum.
Interplay of Components The interplay of the different devices of the setup is regulated by the
PC running a dedicated LabView program as well as an ADwin-Gold II real-time processing device,
which will be introduced below. The self-made LabView program represents the control center for the
setup as most parameters relevant for the experiment are set. Important parameters related to the CCD
camera are the exposure time, pixel binning, region of interest or the number of frames to capture.
Also, the LabView program grabs the frames of the camera via a Bruxton SIDX 6 software interface.
The acquired camera frames are processed in real-time. The processing includes real-time multi-
particle tracking. For that purpose, the NI Vision toolbox is used. The threshold can be set manually.
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Alternatively, the threshold can be set automatically, oriented on the maximum intensity in the frame.
In that case, a minimum value ensures the threshold to be above the noise level. Before applying the
threshold, a median filter is used to reduce noise. The ADwin-Gold II, Ja¨ger Messtechnik GmbH,
is not only a real-time processing device, but also an AD/DA converter with eight 16bit channels
each for analog input and output. The ADwin is connected to the PC via Ethernet and is able to run
autarkic programs written in a Basic-like programming language called ADBasic. Running ADBasic
programs may communicate with the LabView program via a dedicated software development kit,
which allows for an exchange of parameters and data arrays. This is used, for instance, to transmit
the AOD calibration data or the particle position gained from particle tracking. The ADWin is used
for the different tasks, such as the calculation of position of the heating laser beam in dependence on
the particle position according to the particular feedback algorithm. Also, the control voltages for the
AOD and the piezo stage are calculated and set. The positional sensors of piezo stage can be read
out on demand. A photo diode signal is a read out to track the heating laser power. Some hardware
related parameters are set in the LabView program and the Adwin is used to control devices (laser
power, manual AOD deflection, manual piezo stage positioning).
Chapter 4
Results and Discussion
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The following chapter constitutes the main part of the dissertation as the results are treated in detail.
The discussion closely follows the order of increasing complexity of the thermal trap. The Results and
Discussion chapter is therefore divided in three major sections, each orients on a particular iteration
of the trap.
The first working generation of the trap directly relies on the idea of trapping a nano-object within a
local temperature minimum. Yet, the experimental realization is easy and may in principle be copied
in every laser-based widefield fluorescence microscope. A simple gold structure, consisting of a
circular hole in a gold film, is employed as a heat source. The resulting temperature field exhibits a
dip in the center in which a particle is confined. The heating is achieved via absorption of a steady
laser beam expanded to illuminate the entire gold structure. The results are published in the following
article.
• M. Braun, F. Cichos (2013): Optically Controlled Thermophoretic Trapping of Single Nano-
Objects, ACS Nano 7(12), 11200-11208.
The second generation technically constitutes an intermediate step to the feedback-controlled version
of the thermophoretic trap. The heating of the gold structure by an expanded laser beam is discarded
in favor of a local heating by means of a focused laser beam. As the temperature field produced
by such a heating scheme yields an effective potential that is for typically positive Soret coefficients
purely repulsive, the laser beam is steered in order to confine a single particle. As a simple strategy,
it is possible to rotate the laser beam along the circumference of the gold structure, i.e. in circles, at
a certain frequency. The behavior of a trapped particle is studied in detail and a non-trivial dynamics
is found. The phenomenology of the motion thereby exhibits similarities to the Paul trapping of ions.
The major result can be found in
• M. Braun, A. Wu¨rger, F. Cichos (2014): Trapping of Single Nano-objects in Dynamic Tem-
perature Fields, Phys. Chem. Chem. Phys. 16, 15207-15213.
The third and to date most advanced iteration of the trap essentially uses the same hardware as the
second one. The difference lies in the strategy of how the heating laser beam is steered. Now, an opti-
cal feedback couples in real-time the heating laser position on the position of the trapped object. This
increases the trapping efficiency tremendously and effectively reduces the temperature rise needed
to stably confine a particle. Beyond a simple trapping of nano-objects, the optical feedback allows
for a versatile manipulation of the trapped object, as it can now be steered freely within the trapping
region. As will be shown, the effective trapping potential can be shaped in almost arbitrary ways by
modifying the applied feedback rules. The feedback heating can also be modified such that multiple
particles can be trapped simultaneously, a feature that is almost unique to the thermal trap. As a step
towards potential applications, it is shown that single and multiple macro-molecules can be confined,
demonstrated by trapping λ-DNA strands. The major results are collected in a third publication.
• M. Braun, A. Bregulla, K. Gu¨nther, M. Mertig, F. Cichos (2015): Single Molecules Trapped
by Dynamic Inhomogeneous Temperature Fields, Nano Lett. 15(8), 5499-5505.
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4.1 Thermophoretic Trapping by Steady Temperature Fields
The confinement of a microscopic objects at a certain position in solution requires a compensation
of the erratic Brownian motion. As Brownian motion enhances for smaller particles, an counter-
acting fast drift velocity is needed to drive the particle back to the region of interest. In the course
of this monograph, thermophoretic interactions with local temperature gradients are used to confine
Brownian motion of microscopic objects. The effects that lead to thermophoresis (see discussion in
Section 2.2) all have in common, that a temperature gradient induces a particle drift, typically to-
wards colder regions. Temperature gradients, however, can only be induced by rising the temperature
locally. While it seems counter-intuitive to trap a particles by elevating the temperature, as Brownian
motion speeds up as well, it will be shown, that local temperature fields can be used to stably confine
a single particle. Local heating may be realized by different means. As an optical detection of the
object of interest is employed, it seems convenient to also use an all-optical control of the heating.
Often, a liquid is heated directly by the absorption of a laser beam.59, 65, 159 The temperature profile,
however, cannot decay faster than the size of the heat source which in that case is diffraction limited
and thus at least a few hundred nanometers in size. A different approach exploits the plasmonic in-
teraction of laser light with a metal nano-structure, typically constituting heat sources much smaller
than the diffraction limit which results in strong temperature gradients in their local proximity. The
key to thermophoretic trapping is the establishment of a temperature field shaped such that the nega-
tive gradient and therefore the thermophoretic drift points towards a stable position. In other words,
a local temperature minimum is essential to represent an effective trapping potential. This demands
a metal structure of special shape. A realization of such a geometry is schematically shown in Figure
4.1 A. The gold structures of circular symmetry are fabricated via micro-sphere lithography (see Sec-
tion 3.1). In the first realized version of the thermophoretic trap, the structures are illuminated by an
expanded laser beam in a fixed and continuous (i.e. steady in space and time) manner, often referred
to as wide-field (WF) illumination. The next Section 4.1.1 will show, that such a heating scheme
indeed produces a temperature field fulfilling the upper demand. The experimental realization is then
presented in Section 4.1.2.
4.1.1 Temperature Distribution Within the Sample
The technique of micro-sphere lithography is used to produce two basic kinds of micro-structures.
Single holes in a gold film (Figure 4.1 A) are produces by spin-coating a dilute solution of polystyrene
beads of a few micron in size. Also a patchy structure of isolated triangular gold islands in a hexagonal
array (Figure 4.1 B) is achieved by spin coating a less dilute solution to form a closed packed mono-
layer of beads (for details of sample preparation see Section 3.1). Both are potential candidates for
the realization of a thermophoretic trap. Within this section, the expected temperature fields upon
optically heating the latter gold structures shall be examined. For that purpose, FEM simulations are
performed using the software suite COMSOL Multiphysics 4.0 and in particular the Heat Transfer
Module. The steady-state heat equation 2.55 is solved for a modeled geometry, that resembles the
actual sample used in the experiment including the glass cover slides, the gold structure as well as the
water film in between. The size of the model is larger than the actual gold structure to avoid boundary
effects (x- and y-direction (−20...+20)µm and in z-direction (−10...+10)µm, where the center of
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the hole in the gold film coincides with the origin). As the environment effectively acts as an infinite
heat bath, the external boundaries are set to ambient temperature. Convection within the water film
is neglected due to the thickness below 1µm.139 In this first realization of the thermophoretic trap,
the entire circumference of the gold structure is used as a heat source. The heat source density within
the gold film is identified with the Gaussian profile of the excitation beam (beam waist ω ≈ 20µm).
It’s magnitude can be chosen arbitrarily as the resulting temperature fields later are normalized to the
surface temperature rise at the gold edge.
A simulated temperature map for the single-hole gold structure is shown in Figure 4.1 C. While the
gold structure itself is near isothermal in the surrounding, the temperature drops into the hole direction
leading to a local minimum. It will be referred to, in the following, as ‘closed’ gold structure. A
temperature map produced by the second patchy structure is depicted in Figure 4.1 D. As can be
seen, the radial symmetry disappears. The patches seem to produce stronger temperature gradients
than produced by the closed structure. In between the patches, the temperature drops, which is why
it will be referred to the patchy structure as ‘open’ gold structure in the following.
2 µmz = 0 nm
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Figure 4.1: A Scheme of a closed gold structure photothermally heated to produce a radially symmetric
temperature field. B FEM-simulation of a temperature field produced by a closed gold structure with 5.3µm
diameter in the lateral plane of the lower glass slide which carries the gold structure (z = 0). The black line
indicate the path of the line profile shown in Figure 4.3 A. C Scheme of an optically heated open gold structure.
D FEM-simulation of a temperature field produced by an open gold structure of the same diameter in the plane
z = 0. The red and blue lines indicate the paths of the line profiles plotted in Figure 4.3 B. The color scales
may be read from the line profiles in Figure 4.3.
Before going into detail, it is helpful to introduce some notations, which will be used throughout the
monograph. Figure 4.2 shows a scheme including the most important parameters such as ambient
4.1 Thermophoretic Trapping by Steady Temperature Fields 47
temperature T0, the temperature rise at the gold surface ∆TAu and the temperature rise in the center of
the hole in the gold film ∆TCenter, which is the local temperature minimum. To quantify the tempera-
ture fields, it is convenient to use a normalization to the temperature rise at the gold structure which
results in unit-less relative temperatures. Doing so decouples the shape of the temperature field from
its magnitude, which is directly proportional to the heating power used. As will be seen, the local
temperature field may be approximated by a parabola in the proximity of the temperature minimum,
∆THarm(r) =
α
2
r2+∆TCenter, (4.1)
with α being the curvature of the temperature field, which may also be expressed by a relative curva-
ture αrel = α/∆TAu in units of µm−2. Likewise, the relative temperature gradient ∇T rel = ∇T/∆TAu
will appear in units of µm−1.
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Figure 4.2: Scheme illustrating the notations of the temperatures used throughout the thesis. The temperature
elevation at the gold structure is denoted with ∆TAu, the ambient temperature with T0. The temperature elevation
at the local minimum which later resembles the center of the trap will be described by ∆TCenter. Often, relative
temperature increases will be used (right side), which are nomalized by ∆TAu and are denoted by rel, such that
∆T relAu = 1 and ∆T
rel
Center = ∆TCenter/∆TAu. The curvature of the temperature field at the local minimum will be
called α and will also appear normalized as αrel = α/∆TAu in units of µm−2.
Closed gold structure Figure 4.3 A shows temperature line profiles at along the black line of
Figure 4.1 B directly on (black) and 300nm above (black dashed) the gold structure in the water
film. The according temperature gradient in the gold structure plane (red) appears to be linear in the
center, leading to a parabolic temperature field of relative curvature αrel = 0.027µm−2. For the given
geometry and materials, a relative temperature contrast quantifying the depth of local temperature
minimum is found to be ∆T relDepth = ∆T
rel
Au −∆T relCenter = 0.17. The remaining difference to ambient
temperature leads to a center temperature rise ∆T relCenter = 0.83 which does not effect the trapping
directly, but only increases the temperature that the trapped species is at. Regions far from the center
deviate from the harmonic approximation and show even stronger temperature gradients. The latter
values are simulated for a trap diameter of 5.3µm, a dependence on the size of the gold structure is
discussed later in Section 4.1.6. While the center temperature rise is almost constant in the vertical
direction in the center of the gold structure, it linearly decreases above the gold film (about 5% over
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the δz = 300nm between the curves). The shape of the parabolic temperature field close to the trap
center is conserved over the height of the water film.
-0.2
-0.1
0.0
0.1
0.2
rel. tem
perature gradient [1/µm
]
-4 -2 0 2 4
position [µm]
1.00
0.95
0.90
0.85
re
l. 
te
m
pe
ra
tu
re
 in
cr
ea
se
A 1.0
0.8
0.6
0.4
0.2
re
l. 
te
m
pe
ra
tu
re
 in
cr
ea
se
-4 -2 0 2 4
position [µm]
B
Figure 4.3: A Lateral temperature profiles along the line drawn in Figure 4.1 B (black) of the temperature
field produced by the closed gold structure in the plane of the gold structure and 300nm above (dashed).
Corresponding temperature gradient (red). B Analogous temperature profiles according to the lines drawn in
Figure 4.1 D.
Open gold structure Compared to the closed structure, the open gold structure produces a much
lower center temperature rise of ∆T relCenter = 0.37 (Figure 4.3 B, blue curves). Also, the temperature
difference between the heated gold pads and the local minimum is huge with ∆T relDepth = ∆T
rel
Au −
∆T relCenter = 0.63 producing strong temperature gradients. However, the bottle neck regarding this
specific geometry is the gap between the gold islands, where the relative temperature difference is
only ∆T relGap−∆T relCenter = 0.08 (red curves). That means, while a particle can efficiently be repelled
thermophoretically from the gold islands into the trapping region, it may escape through the gaps in
between the gold pads, where the effective temperature difference is much less, being a disadvantage
for the stable trapping of particles. This, though, does not mean that the open structure is discarded.
Trapping is not only possible as will be seen with the second generation trap (see Section 4.2.1), but
the structure may even be beneficial for a potential parallelization and cooperation of nearby traps.
Also, by introducing an additional step to the sample preparation, such as oxygen plasma treatment
of the micro-spheres before the evaporation step, the geometry of the gold structure may be altered to
achieve a ‘semi-open’ structure, where the gaps in between the gold islands are replaced by thin gold
bases.
Due to the simplicity of the closed gold structure in terms of preparation but also because of the
radial symmetry of the temperature profile, which is broken in the open structure, however, the first
experiments presented in the following will concentrate on that structure.
4.1.2 Steady-State Properties – Positional Distribution
Within the next sections, the fundamental behavior of a particle in a static thermophoretic trap shall
be investigated. For that purpose, the trapping of a 200nm-diameter polystyrene (PS) bead is demon-
strated, which is chosen for various reasons. PS beads are commercially available in different sizes
and may be doped by different dyes. Due to the large dye content, they are neither prone to blinking
nor bleaching and may be observed via fluorescence for hours. The size of 200nm is chosen for a
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relatively large Soret coefficient of order 1K−1, while still being small enough to demonstrate trap-
ping of objects being challenging to trap by well-established methods such as optical tweezing. The
size of the trap is given by the diameter of the hole in the gold film being 5.3µm. The exposure
time of the frame-transfer CCD camera is set to τexp = 0.01s such that the Brownian motion of the
particle is sufficiently resolved. Also, the camera is used with a 2×2-binning resulting in scale factor
of 0.1152µm/pixel. The sample was assembled according to the description in Section 3.1. Once a
particle diffuses by chance over the trapping region, the heating laser is manually switched on result-
ing in a confinement for the particle. Movies of the trapping are acquired for increasing heating laser
power each with a length of 270s consisting of 25000 frames. Particle positions are extracted from
the movie files by a home-made tracking software. The single position of the particle in each frame
is assembled to a trajectory which can be analyzed.
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Figure 4.4: Trapping of a single 200nm polystyrene particle for increasing heating laser power. A Positional
distribution histograms over all trajectory points. The green dashed circles indicate the edges of the gold
structure of 5.3µm diameter. B Radial position distribution in dependence on the radial distance to the center
of the trap. C Width of the position distribution σ= (STα)−1/2 (black squares) gained from fitting Equation 4.2
to the data of B, fitted by the theoretical prediction ∼ P−1/2Heat (dashed blue line).
The following pages give a detailed presentation and discussion of the performed experiment, be-
ginning with the steady-state properties that can be obtained from the position distribution of the
bead within the trapping region. Two-dimensional position distribution histograms are depicted in
Figure 4.4 A. For low heating intensities, the bead positions are distributed over the entire trapping
region. For increasing heating laser power, the increasing confinement is visible already by eye. The
distributions follow the steady-state density described by Equation 2.16. The radial position distribu-
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tions for a few heating intensities are shown in Figure 4.4 B. The probability to find the bead within
the radial interval [r,r+dr] is accordingly given by Prad(r)dr = P(r) ·2pir dr. Inserting the harmonic
temperature field with Equation 4.1 and normalizing such that
∫ ∞
0 Prad(r)dr = 1 yields the following
expression
Prad(r) = STαr exp
(
−STα
2
r2
)
. (4.2)
The width σ = (STα)−1/2 of the distribution is dependent on the Soret coefficient and the curvature
of the absolute temperature field, which both are not known at this point. A fitting of Equation 4.2
to the experimentally obtained data shown in Figure 4.4 B yields the widths σ in dependence of
the heating power plotted in Figure 4.4 C. While the Soret coefficient may depend on the absolute
temperature, the dependence is assumed to be weak in the given experimental temperature range. ST
thus is considered to be constant. Then, the confinement is determined solely by the curvature of the
temperature field. Since the curvature is linearly related to the temperature rise and therefore also
to the heating power α = αrel∆TAu ∝ Pheat, the width of the distribution ideally decreases with the
square root of the heating power σ ∝ P−1/2heat . This theoretical dependence is shown in the same plot
with the blue dashed line and fits the experimental data reasonably well. The main contribution of the
visible deviation is attributed to the present anharmonicity of the temperature field in the outer region
close to the gold structure which the particle probes especially for low heating intensities. Also, the
neglected temperature dependence of the Soret coefficient may cause a deviation.
eR
eT
R(t)
R(t + τ )
+R′ R′ dR′
displacement of a particle after a timelag 
displacement in radial direction
displacement in tangential direction
radial interval
Figure 4.5: Illustration and overview of the parameters being relevant for step size analysis. R(t+τ) and R(t)
are two subsequent trajectory positions with τ being the inverse frame rate.
4.1.3 Dynamic Properties – Thermophoretic Drift
Additionally to the overall positional distribution, dynamic properties are of particular interest such as
the diffusion coefficient and the photothermally induced thermophoretic drift velocity. Both may be
studied by investigating the trajectory constructed from the tracked particle position in each frame.
More precisely, the step size distribution is determined by both the diffusion coefficient and the
thermal drift. The step-size distribution is a synonym for the probability density Padp (R(t+ τ),R(t))
for detecting a particle at a time t+τ at the position R(t+τ) if it was at a position R(t) at time t. This
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probability density may be described by the advection-diffusion propagator97 (see Section 2.1.2) of
Gaussian shapea)
Padp (R(t+ τ),R(t)) ∝ exp
(
−|R(t+ τ)−R(t)−vTτ|
2
4Dτ
)
. (4.3)
Considering a constant flow velocity vT, the width is solely determined by the diffusion coefficient
D. The center of the distribution is shifted from the origin by vTτ due to the deterministic thermal
drift. To apply this concept to an inhomogeneous velocity field (such as produced by the heated
circular gold structure), it is important to note, that Equation 4.3 only holds true, if the timelag τ is
sufficiently short, such that the displacement ∆R(t) = R(t + τ)−R(t) is small and the drift velocity
can be considered as constant. For a frame time (inverse frame rate) of τ = 0.01s and a typical
drift velocity of vT = 5µm/s, a displacement on the order of 50nm is expected. Over such length
scales, the temperature gradient can be considered as constant such that Equation 4.3 may be applied
locally. Because of the radial symmetry of the temperature field (see Section 4.1.1), it is convenient
to project each displacement ∆R(t) in radial eR and tangential eT direction with respect to the trap
center located at the temperature minimum (see Figure 4.5). Without such a projection, the thermal
drift would average out and disappear in a broadened step size distribution.
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Figure 4.6: A Distribution of step lengths after projection in radial (black circles) and tangential (red squares)
direction. B Average thermophoretic drift velocity in radial (black circles) and tangential (red squares) direc-
tion. C Radial thermophoretic drift velocity as a function of the radial distance to the trap center for different
heating laser powers. D Same as in C for the tangential direction.
a) Note, that the normalization factor for the 3-dimensional advection-diffusion propagator differs from the 1-dimensional
case given in Section 2.1.2 with Equation 2.14.
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Figure 4.6 A shows the position distributions after projection in radial (black) and tangential (red)
direction. According to Equation 4.3, the width is a measure for the diffusion coefficient, which is
discussed within the next section 4.1.4. While the red curve seems to be centered at the origin, the
black curve is shifted to negative values. The shift divided by the inverse frame τ= 0.01s leads to the
thermophoretic drift velocity. Here, the average drift in radial and tangential direction is measured,
as the histograms include all steps within the trapping region. The dependence of this average drift
is plotted in dependence of the heating laser power in Figure 4.6 B. Clearly visible, the average
tangential drift disappears for all heating intensities. The average radial drift increases linearly for
increasing heating power. This is plausible as the radial drift is parallel and proportional to the
temperature gradient ∇T ∝ Pheat. Performing this step size analysis under restriction of the starting
point of a step R(t) to a certain radial interval [R′,R′+dR′] leads to a more detailed picture of the
distribution of the thermal drift velocity field within the trapping region. Figures 4.6 C and D show
the dependence of the thermally induced drift in radial and tangential direction, respectively. The
tangential drift disappears for all radial distances and heating powers, which is consistent with the
shape of the temperature field. Due to the radial symmetry of the gold structure no temperature
gradient in tangential direction is expected. In contrast, the radial thermophoretic drift disappears in
the center of the trap, but increases in magnitude with increasing radial distance to the trap center R′,
to about 2µm/s for the lowest heating power of 5mW and about 8µm/s for the highest measured
heating power of 30mW. As already seen in the average values, the radial drift is always negative
corresponding to flow towards the center of the trap. Qualitatively, this distribution is also consistent
with the shape of the simulated temperature gradient field. While the temperature gradient disappears
in the center at the temperature minimum, it increases linearly with the distance to the center and for
longer distances the gradient rises even stronger than linear. A quantitative comparison will be given
in Section 4.1.5.
4.1.4 Dynamic Properties – Diffusion Coefficient and Induced Temperatures
While the last section treated the deterministic motion of the particle, i.e. the thermal drift induced
by the temperature gradient, this section will investigate the additional Brownian motion. This erratic
motion is quantified by the diffusion coefficient that can also be accessed via step-size analysis. At a
given inverse frame rate τ, the width of the advection-diffusion propagator (Equation 4.3), σ2 = 2Dτ,
is a measure of the diffusion coefficient D. Analyzing the width after projecting each step in tangential
direction leads to the values plotted in Figure 4.7 A. Considering only the step size distribution in
tangential direction ensures a decoupling from the thermal drift not present in this direction. As seen
from the figure, the diffusion coefficient increases from 0.75µm2/s at the lowest heating power of
5mW to 1.08µm2/s for the highest heating power measured being 30mW. This increase is a result of
the rising average temperature the particle is exposed to while it is trapped. To find a relation between
the heating power and the temperature rise in the trapping region, the measured trend of diffusion
coefficients are compared to a theoretical model, where the Stokes-Einstein relation is considered
together with a Vogel-Fulcher (VFTH) temperature dependence for the viscosity of water,
D(∆T ) =CB ·
kB (T0+∆T )
6piη(T0+∆T )R
∝
(T0+∆T )
η(T0+∆T )
. (4.4)
Herein, η(T ) = η∞ expA/(T −TVF) denotes the viscosity with the coefficients η∞ =
0.0298376mPa·s, A = 496.889K and TVF = 152.0K.160 The artificial factor CB accounts for a
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decreased mobility due to the hydrodynamic interactions of the particle with the nearby glass sur-
faces.161, 162 This effects can be assumed to be temperature independent and does therefore not in-
fluence the relation between temperature rise and heating power. Also, a reduction of D due to the
thermal expansion (less than one percent) of the particle is neglected. As the increase in fluctuations
is relatively small due to the small temperature rise ∆T compared to the absolute temperature T ∼ T0,
the major contribution to the temperature dependence originates from the decreasing viscosity. At
a given heating power, the temperature in the local proximity of the particle varies by just a few K,
which is why the relative error of the absolute temperature is small (∆T/T < 2%). Therefore, the
deviation from thermal equilibrium is small and Equation 4.4 may be used. To influence the diffusion
coefficient noticeably by out-of-equilibrium effects, much stronger temperature gradients are neces-
sary in the direct vicinity of the Brownian particle as is the case e.g. for Hot Brownian Motion.160
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Figure 4.7: A Diffusion coefficient obtained from step size analysis in dependence on the heating power.
Dashed line according to Equation 4.4 for ∆TAvg/Pheat = 0.53K/mW and CB = 0.35. B Relative increase in
average temperature (∆TAvg−∆TCenter)/∆TAu in dependence on the width σ of the position distribution in the
trap.
Matching Equation 4.4 with the experimental data in Figure 4.7 A yields a temperature rise with
heating power of the trapped particle of ∆TAvg/PHeat = 0.53K/mW. This temperature increase with
heating power is averaged over the entire trajectory. However, averaging the measured position dis-
tribution over the simulated temperature field, ∆TAvg(σ) =
∫
∆T (r) p(r;σ)dr shows that for a typical
confinement of less than σ ∼ 2µm the average temperature rise ∆TAvg increases less than 5% from
the temperature increase in the local minimum ∆TCenter (see Figure 4.7 B), because the particle is
mostly located in the central region of the trap. Hence, the average temperature rise a particle expe-
riences may be identified with the temperature rise at the center of the trap ∆TAvg ≈ ∆TCenter. For the
highest heating power used in the experiment being 30mW, an average temperature rise of 15.8K is
measured. Considering the shape of temperature field which was simulated in Section 4.1.1, where
it was found that ∆T relCenter = ∆TCenter/∆TAu = 0.83 for a trap diameter of 5.3µm, the temperature rise
at the surface of the gold structure is 19.0K, accordingly. The particle is thus effectively trapped in
a temperature difference of about 3K. The resulting effective trapping potential will be discussed in
the next section.
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4.1.5 Soret Coefficient and Effective Trapping Potential
With the knowledge of the absolute temperature rise gained from the last section, now, the Soret
coefficient can be quantified. Therefore, two independent approaches can be used. Either, ST is cal-
culated from the steady-state position distribution described by Equation 2.19, or, by measuring the
thermophoretic drift velocity. While the position distribution is solely determined by the Soret coeffi-
cient if the temperature field is known, the thermal drift is actually dependent on the thermodiffusive
coefficient DT. The Soret coefficient ST = DT/D may be then obtained by dividing by the diffusion
coefficient. The positional distribution is given by the histogram of a trajectory positions, i.e. no
dynamic information is needed. Contrarily, measuring the thermophoretic drift velocity by analyz-
ing the step size distribution relies on dynamic information only. Thus, the two ways of calculating
the Soret coefficient from the same data set are fully independent, however, both rely on the same
absolute temperature measured before.
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Figure 4.8: A Temperature distribution (red squares) calculated from the position distribution of a trapped par-
ticle for a heating laser power of 30mW (gray and in arbitrary units) and a Soret coefficient of ST = 3.56K−1.
Simulated temperature field in the plane of the gold structure (black) and 300nm above (dashed) with a central
temperature rise of ∆TCenter = 15.8K. B Comparison between radial thermophoretic drift velocity measured
from step size analysis (30 mW heating power, blue squares) and drift expected from the simulated temper-
ature field in the plane of the gold structure (black) and 300 nm above (dashed) for a Soret coefficient of
ST = 3.56K−1 and a diffusion coefficient of D = 1.08µm2/s. C Curvature of the temperature field α and
corresponding effective trapping stiffness k versus heating laser power Pheat for the same Soret coefficient. D
Overview of important parameters plotted in A, B and C.
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As the shape of the temperature profile is known from simulations, the absolute applied temperature
field for a heating power of 30mW is fully determined with the measured ∆TCenter = 15.8K and is
plotted in Figure 4.8 A as the black line (gold surface plane) and the dashed black line (300nm above
the gold structure). The measured data for the position distribution (grey line in a.u.) matches the
temperature field with ∆T (x) =−1/ST ln(P(x))+const. best for a Soret coefficient of ST = 3.56K−1
(red squares). Figure 4.8 B shows the experimental data (blue squares) of the thermal drift velocity for
the same heating power. The temperature gradient profile ∇T (r) is calculated from the temperature
field in A. The expected drift velocity vT(r) = −STD∇T (r) for the above-gained Soret coefficient
and a diffusion coefficient of D= 1.08µm2/s is plotted as the black line. The dashed black line again
corresponds to the expected drift velocity 300nm above the gold structure. As can be seen from
Figure 4.8 A and B, both independent methods deliver a consistent match to the temperature field for
the same ST = 3.56K−1. The measured Soret coefficient appears to be about a factor of three larger
as compared to the literature.60, 62 However, due to interactions of the particle with the glass surfaces,
the diffusion coefficient, which relies on flow fields decaying with one over distance, is decreased by
a factor of three compared to free diffusion. As the Soret coefficient is the ratio of the thermodiffusive
coefficient and the diffusion coefficient, DT remains thus unchanged as it is determined by the much
shorter ranged interfacial flows and is therefore consistent with the literature.
The positional distribution can also be translated into an effective trapping potential. Due to the
phoretic nature of thermodiffusion the term “effective” is used, since it is not meant to be a real po-
tential in that sense that −∇U resembles an external force acting on the particle. Instead, complex
mechanisms lead to a thermophoretic drift of the particle in an external temperature gradient and typ-
ically the particle is overall force-free (see Section 2.2). Also, due to the local temperature gradients
used for trapping, the system is not in thermal equilibrium. Nevertheless, the particle is trapped in
a local temperature inhomogeneity of a few K which is considered to be a only a small deviation
to the absolute temperature being about 300K. The position distribution of the particle may be thus
compared to a Boltzmann distribution to gage the strength of the presented thermal trap,
P(r)
P0
= exp(−ST∆T (r))∼ exp
(
−U(r)
kBT
)
. (4.5)
This has been done in Figure 4.8 A (see left scale). The particle sampled the potential up to 5kBT , the
overall depth is extrapolated to about 9.5kBT for 30mW heating power in the plane the gold structure
and about 6.5kBT at a height of 300nm above the gold film. Note, that the absolute potential depth
increases linearly with the temperature rise and therefore with the heating power. Considering an
effective harmonic potential in the center of the trap, U(r) = κ2 r
2, an effective trapping stiffness may
be defined with κ = STαkBT , which is directly proportional to the curvature α of the temperature
field in the center of the trap. The experimental values of α and κ are plotted in Figure 4.8 C. In
the particular experiment presented here, the curvature of the temperature field is on the order of
0.1K/µm2 such that an effective trapping stiffness of several fN/µm is achieved. These values that
are achieved by the steady state heating scheme are about a factor 103 smaller than the stiffness that
can be reached by optical tweezing163 leading to a broader position distribution. While the trapping
stiffness is important, for example, in force spectroscopy, the stability of the trap is governed by
the depth of the temperature minimum, i.e. the effective trapping potential. The effective trapping
stiffness may be tuned by changing the size of the gold structure as will be seen in the next section.
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4.1.6 Radius Dependence of the Temperature Distribution
The simulated temperature fields presented in the beginning of this chapter are resulting from a mod-
eled geometry that should match the experimental condition. In particular, the diameter of the gold
structure is 5.3µm, resulting from the size of the PS beads used for micro-sphere lithography. Within
the present section, further simulations are presented which deliver insight in how the temperature
field alters with changing diameter of the circular hole in the gold film and to what extent this influ-
ences the effective trapping potential and stiffness.
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Figure 4.9: A Lateral map (z= 0) of the relative temperature rise ∆T/∆TAu for different trap diameters. B Line
profiles through the center of the relative temperature maps shown in A for trap diameters between 1.3µm (red)
and 8.3µm (purple). C Corresponding relative temperature gradients ∇T (x)/∆TAu. D Relative depth of the
temperature field (∆TAu−∆TCenter)/∆TAu for increasing diameter of the gold structure. E Relative curvature
αrel = α/∆TAu of the temperature field. F Maximum relative temperature gradient at the edge of the gold
structure. Each grey data curve corresponds to the same quantity, but is calculated from the lateral temperature
fields at z = 300nm.
Again, a normalization of all temperatures, temperature gradients and curvatures to the temperature
rise at the gold structure ensures that in each case only the shape remains independently from the
magnitude, i.e. from a particular heating power in the experiment (see Section 4.1). Figure 4.9 A
shows the relative temperature fields induced by heated gold structures of different sizes. Line pro-
files through the center of these fields are plotted in Figure 4.9 B for increasing trap diameters ranging
from 1.3µm to 8.3µm. The corresponding relative temperature gradients are depicted alongside in
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Figure 4.9 C. As readily seen from the temperature field line profiles, the relative depth strongly in-
creases with increasing diameter, which is quantified in Figure 4.9 D in the plane of the gold structure
(color-coded) and 300nm above (grey). Both curves show a linear dependence of approximately the
same slope of 0.030µm−1. Between these two planes, the relative difference in depth is 0.04, inde-
pendently from the diameter as the temperature field decays approximately linear in z-direction. For
the above measured Soret coefficient of ST = 3.56K−1 and a moderate temperature rise of the gold
structure of ∆TAu = 10K, a potential depth of about 1.0kBT per µm diameter of the gold structure
is achieved. The difference in the effective potential energy in z-direction between the gold structure
plane and 300nm above is about 1.4kBT . The relative curvature decreases approximately with the
inverse diameter αrel = 0.145/µm ·D−1 as seen from Figure 4.9 E. Above a diameter of about 2µm,
the curvatures are approximately the same in the two considered planes, since the linear decay of
the temperature in z-direction has in first order no influence on the curvature if the structure is suffi-
ciently large. Again, for ST = 3.56K−1 and ∆TAu = 10K, the stiffness per inverse micron diameter is
κ= 21.2fN/D. Overall, a deeper trapping potential has the trade-off of a less stiff trap, or vice versa.
The choice of the trap diameter thus depends on the particular application. Stiff traps are typically
needed for force spectroscopy. Since the main objective of the studied trapping method is to keep an
object within a certain region for an extended time periods, typically a larger traps are of interest.
The temperature gradient is linear in the center of the trap, which leads to a harmonic effective
trapping potential. Closer to the gold structure, the temperature gradient rises stronger than linear.
Here, the temperature gradient can easily exceed a few K/µm even for a moderate heating of the gold
structure of ∆TAu = 10K (see Figure 4.9 F). This, however, holds true only within the lateral plane
of the gold structure. Looking at the plane 300nm above, thermal diffusion blurs the distinct peak
and the maximum gradient is about a factor of 5 lower (grey data points). Having said that, a stably
trapped object rarely enters this region, but is trapped in the center as seen in the experiment.
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4.2 Thermophoretic Trapping by Dynamic Temperature Fields
The presented experimental data of the last sections treated the thermophoretic trapping of a single
particle by means of a static temperature profile, steady in space and time. Such a heating scheme
exhibits unfavorable disadvantages. The main issue is the temperature rise in the center of the trap,
that is unavoidable when the entire circumference is heated. Though, this temperature rise does not
contribute to the trapping directly. Rather, thermal fluctuations are increased which enhances Brown-
ian motion and may harm, for example, biological material in potential applications. Perspectively, it
is therefore the aim to reduce the unwanted temperature rise by providing the temperature gradients
needed for trapping by a different heating scheme. It should be noted beforehand, that this issue
cannot be solved until the third trapping generation. This second generation, however, constitutes an
important intermediate step. Another disadvantage, although only of technical nature, is that with
the proposed steady heating scheme the trapped particle is always under direct illumination by the
heating beam, which has its maximum intensity in the central trapping region and leads to fast photo-
bleaching. While this problem may also be solved via beam shape engineering or using different
wavelengths for fluorescence excitation and heating, it to a large extend disappears with the second
trap generation that is presented in the following. Instead of heating the entire gold structure at the
same time, only a small area close to the circumference is illuminated by a focused laser beam result-
ing in a much more localized temperature field as it is sketched in Figure 4.10. The thereby induced
temperature gradients are much stronger. Typically the Soret coefficient is positive leading to a de-
creased particle concentration in the hot region. That means, by steadily heating a single position,
particles are repelled and no trapping is achieved. In order to establish a confining potential, the laser
beam (and therefore the temperature field) is steered dynamically.
A B
Figure 4.10: Scheme of the thermophoretic trapping by means of a focused laser beam. A confinement of a
particle is achieved by periodically driving the laser beam A along the rim of a closed gold structure or B over
the single islands of an open gold structure.
The principle that is treated in the following is inspired by Paul trapping, where a quadrupole elec-
tric field produced by four electrodes leads to a saddle-shaped potential for ions in vacuum44, 164 or
particles in liquid.45 While such a potential is attractive in one direction, it is repulsive into the per-
pendicular direction such that trapping by a steady field is also not possible. By applying a AC voltage
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to the electrodes, the saddle potential rotates and may generate a stable confinement depending on
complex stability parameters. In a similar fashion, to achieve a confinement by purely repulsive ther-
mophoretic flow fields, the focused heating laser beam can be steered in circles at a certain frequency
f = ω/2pi along the circumference of the closed gold structure, or, in the case of an open gold struc-
ture, over the gold patches (Figure 4.10). The expanded laser beam is now only used at low intensities
for fluorescence excitation. As will be shown, the rotation of the repulsive thermal potential has a
net inward component resulting in an effective steady trapping potential. It is also found that trapped
particles dynamically behave similar to particles or ions in a Paul trap.
4.2.1 Introducing a Dynamic Heating Scheme
As an introduction experiment, Figure 4.11 shows the feasibility of trapping a 200nm-diameter
polystyrene particle in an open gold structure. The heating of the single gold islands by means of
the focused laser beam is thereby more efficient. A trapping using the expanded laser beam was not
possible due to a lack of power of the particular laser used in the setup.
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Figure 4.11: Trapping of a 200nm-diameter polystyrene particle in an open gold structure by dynamic tem-
perature fields. A False-color rendering of a bright field micrograph showing the single gold patches. In the
center the trajectory points for a single particle are depicted (color coded time). B Radial position distribution
for a laser rotation frequency of 18.9Hz. C Radial position distribution for a laser rotation frequency of 0.6Hz.
D Overview over average radial (R) and tangential (T) drift velocities measured by step size analysis. Positive
frequencies indicate a clock-wise rotation, while a negative frequency refers to a counter clock-wise rotation.
Similar as for the closed trap, a Gaussian confinement of σ = (0.60± 0.01)µm standard deviation
is achieved at a laser rotation frequency of f = 19Hz. The radial position distribution is well-
described by Equation 4.2 (blue curve). At a trap diameter of 5.3µm and a laser circle radius of
about 6.0µm, the velocity of the rotating temperature field is about 700µm/s. This is much faster
than a typically induced thermophorec drift of a few µm. Hence, to estimate an effective trapping
potential depth, it is obvious to assume that the particle effectively feels a steady-state tempera-
ture as simulated in Figure 4.3 B. An additional argument for this assumption is the Gaussian par-
ticle distribution indicating an effective harmonic temperature profile. With a Soret coefficient of
ST = 3.56K−1 measured in Section 4.1.5 (the same particle solution and sample geometry is used)
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and a confinement σ = 0.60µm, a curvature of the temperature field of α = 1/STσ2 = 0.78K/µm2
is calculated. Simulations of the temperature profile yield a value for the normalized curvature of
α′ = α/∆TAu = 0.034µm−2. An average temperature rise at the gold structure is then estimated to be
∆TAu = 23.1K. Note, that this is not the instantaneous temperature rise of a gold island but an aver-
age over one cycle. Accordingly, the average temperature increase in the center of the trap is about
∆TCenter = 9.2K. Using a much lower frequency of f = 0.6Hz leads to a much broader distribution.
Also, radial position distribution deviates from Equation 4.2. Looking at average drift velocities, one
recognizes for the high frequency a fast inward radial drift and a small tangential drift, probably a
component due to the rotation of the laser beam. In contrast, for the low frequency, essentially no
radial drift is measured, while there is a high tangential drift present switching its sign when changing
the rotation direction of the heating beam. The drift velocity of the particle is hence directly related to
the motion of the laser beam. The velocity of the laser beam for the low frequency is about 20µm/s
and much closer to the induced drift velocity.
This experiment shows that the dynamics of a particle trapped by a dynamically steered laser beam
is not trivial and raises the following issues. It is not clear if the steady-state approximation for high
frequencies is indeed allowed. Even if so, in which frequency range is the transition from fast to
slow. From the technical point of view, a slow steering is easier to realize. While an acousto-optic
deflector is typically fast, galvo-based beam scanners are slower due to inertia of mirrors. Also, is
there a stability condition, i.e. a minimum frequency for which the trap works at all? These open
questions shall be addressed in the following. Due to the radial symmetry, which is much easier to
model theoretically, the next experiments are performed on a closed gold structure.
4.2.2 Temperature Profile by a Focused Laser Beam
Upon illumination of the gold structure by a focused laser beam, a temperature field is generated in the
proximity of the heated spot. To get an impression of the temperature distribution, the steady-state
heat Equation 2.55 is studied numerically via FEM simulations performed analogous as described
in Section 4.1.1. Here, the heat source density q(r) is modeled by a 2D-Gaussian function of width
σ= 1.0µm to account for the focused laser beam illuminating the circumference of the gold structure.
Figure 4.12 presents the results for a 8.3µm-diameter gold structure (white dashed circle), which is
heated at a radial distance to the center of about 9µm. Figure 4.12 A shows the lateral temperature
maps in the plane of the gold structure. In the following, all temperature fields and gradients again
are normalized to ∆TAu, which now refers to the hottest point on the gold structure. Compared to
the expanded laser illumination, where the rim of the gold structure is isothermal (Figure 4.12 B,
dashed red), here, the circumference reaches half the temperature rise at about 30◦ (black and grey).
This localization of the heat source leads to a faster decay of the temperature into the trapping region
(Figure 4.12 C) and goes along with stronger temperature gradients as shown in Figure 4.12 D. An
additional important difference to the expanded heating scheme is that the temperature gradient does
not disappear nor changes sign in the center. That means in particular, that no static temperature
minimum is present. As a consequence, the particle will quickly escape from the trapping region if
the heating beam is not steered in an appropriate way, e.g. by a rotation along the gold edge. The
dynamical properties of a particle trapped by a rotating temperature field are studied in the following.
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Figure 4.12: FEM simulation of the temperature field produced by a laser beam focused to the rim of the gold
structure (8.3µm diameter). A Lateral temperature elevation map in a plane directly above the gold structure.
B Relative temperature rise along the circumference of the gold structure (black) for heating by a focused
laser beam (indicated in green in arbitrary units) and 300nm above (gray). The red dashed line indicates the
isothermal circumference for heating of the entire gold structure. C Vertical temperature line profiles through
the laser spot and the center of the trap. Same color coding as in B. D According relative temperature gradients.
4.2.3 Motivation of a Rotating Frame
The following two sections approach the dynamics of the particle by trapping experiments of single
460nm-diameter polystyrene beads. The relatively large size is chosen to reduce Brownian motion
compared to the induced thermophoretic flow field. Figure 4.13 A and B show the positional dis-
tribution of two trapping events of the same particle at a heating power of 2.0mW, that only differ
in the laser rotation frequency. In A, a fast rotation with f = 100Hz was used, while B shows the
result for f = 0.7Hz. As already recognized in Section 4.2.1, the distribution broadens for the low
frequency (σ100Hz = (1.23±0.05)µm vs. σ0.7Hz = (1.48±0.06)µm). The confinement results from
the induced thermal drift, which is in its magnitude only dependent on the heating power, but is in-
dependent of the rotation frequency. The weaker confinement suggests that the inward component of
the thermal drift is decreased for a slower rotation. This is confirmed in Figure 4.13 C, where the ra-
dial thermal drift velocity for both frequencies is plotted in black. Also, while for the high frequency
no tangential drift is measured, it is clearly seen, that the tangential component dominates for the
low frequency, as was already recognized for the open gold structure (Figure 4.11). However, due
to the time dependence and the lost radial symmetry of the temperature field, the projection of the
thermally induced drift velocity in radial and tangential direction is not anymore suited to access the
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full dynamics of the trapped object. Instead, the dynamics of the particle may be resolved when trans-
forming the trajectory into a rotating frame, in which the laser beam and therefore the temperature
field is steady, but the sample rotates about the center of the trap.
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Figure 4.13: Positional distribution of a 460nm-diameter polystyrene bead trapped in a trap of 8µm diameter
for a laser rotation frequency of 100Hz in A and 0.7Hz in B. Scale bars measure 2µm. The horizontal and
vertical lines indicate the center of the trap. C Thermophortic drift velocity in radial (black) and tangential
(red) direction for a laser rotation frequency of 100Hz and 0.7Hz (dashed). The curves show a median of the
raw data (circles and squares in the background). D Positional distribution of the particle trapped at 0.7Hz
after switching to the rotating frame. The arrows indicate the average flow field of the particle. To improve the
distinction, a different color scale is used within the rotating frame. Contour lines reveal an eccentricity of the
position distribution.
To do that properly, the trajectory of the laser beam rotating along the circumference of the hole
in the gold film is acquired by tracking the induced fluorescence on the gold film and is afterwards
transfered to the rotating frame. The needed parameters such as frequency, phase and center of the
rotation are optimized until the trajectory collapses onto a single point. The gained parameters are
then used to transform the trajectory of the particle into the same rotating frame. Following the latter
procedure, the position distribution for the trajectory of the trapping at f = 0.7Hz in the rotating
frame is depicted in Figure 4.13 D. Note that a different color scale is chosen for the distribution
histograms in the rotating frame. The focused laser beam is fixed on the top, the position is indicated
by the green dot. The position distribution in the rotating frame is obviously not centered with the
origin in contrast to the distribution in the lab frame. Also, the distribution is Gaussian, but appears
to be anisotropic and tilted by about 45◦. Averaging out the erratic Brownian motion, the velocity
field of the particle is indicated by the arrow field revealing a circular motion, not around the center
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of the trap, but around the center of the position distribution. Qualitatively, these features may be
understood such that, due to the repulsive character of the temperature field and the advective flow
resulting from the rotation of the sample, the particle is always held ‘in front of’ the heated spot. By
transforming the position distribution back to the lab frame (or via a rotation average), the anisotropy
disappears and the broadened and symmetric position distribution is received.
4.2.4 The Rotating Frame – Theory vs. Experiment
The next section gives a detailed theoretical description of the particle dynamics which is directly
verified by dedicated experiments. The theoretical description that will be presented is the result of a
collaboration with Prof. Alois Wu¨rger.a) The understanding benefits from a direct discussion of the
theory together with the experimental counterpart.
In the first part, Brownian motion will be neglected and only the deterministic motion of the particle
is considered. The influence of the erratic motion on the trapping is discussed later on. Also, due
to the low Reynolds number of about Re ∼ 10−6, viscous motion dominates over inertial effects as
discussed in the Section 2.1.1. Inertia is thus be neglected such that the particle instantaneously
follows the thermophoretic and advective drifts.
Stationary Points in the Flow Field The flow field in the rotating frame u consists of two compo-
nents that are the thermal drift vT =−DT∇T generated by the local heating and the advection ω× r
resulting from the rotation of the sample about the origin, as illustrated in Figure 4.14 A.
u = vT + ω× r (4.6)
For the sake of simplicity, the temperature profile generated by the heating beam is approximated
with the analytic expression for a point heat source (see Section 2.4.2)
T (r, t) = T0+
PAbs
4piκ |r− rL(t)| . (4.7)
Herein, rL(t) denotes the trace of the heating laser beam. In the rotating frame, the heat source is
steadily located at the rim of the gold structure of radius a, indicated with a green dot in Figure 4.14
A. The temperature gradient is then given with ∇T = −PAbs/(4piκR2), where R = |r−aey| is the
distance to the heat source. As it will turn out, it is convenient to define a unit-less parameter
ξ=
ωa
uT
, (4.8)
which compares the tangential laser velocityωa to the thermophoretic velocity uT =DTPAbs/(4piκa2)
at a distance a from the heat source. The resulting velocity field u is plotted for the upper-right
quadrant of the trap and for ξ= 6 in Figure 4.14 B. Two positions in the flow field are notable (blue
and red dots in Figure 4.14 B), where the thermal drift and the advective flow compensate such that
the velocity vanishes, u= 0. The top stationary point marked in blue is unstable in that sense that any
slight perturbation will drive the particle either to infinity or towards a second stationary point marked
in red, which appears to be stable. The flow field in the proximity of the latter stable point resembles
a spiral and will be later discussed in detail. Disregarding Brownian motion, once a particle reaches
a) Visiting professor in Leipzig (Leibniz-Professur, summer semester 2013).
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the lower stable point, it is steady in the rotating frame but shows a circular motion around the trap
center when transformed back to the lab frame.
Being of particular interest for the trapping, the frequency dependence of the locations of the sta-
tionary points is investigated. Using the approximated temperature field of Equation 4.7 and set-
ting Equation 4.6 to zero, u = 0, returns a cubic ξ2y(a− y)2 = a3 as well as a quadratic equation
x2 = y(a− y). The latter resembles a half-circle, which is indicated in orange in Figure 4.14 B. Solv-
ing these equations yields the positions of two stationary points within the radial distance a from the
origin.
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Figure 4.14: A Scheme of the trap in the rotationg frame. The position of the laser beam and therefore the heat
source is marked as the green dot. The direction of the advective flowω×r tangentially about the center and the
thermal drift radially away from the heat source is indicated by the arrows. B Flow field u(x,y) observed in the
rotating frame for ξ= 6. The orange curve represents the half circle x2 = y(a− y). With increasing frequency,
the unstable stationary point (blue dot) shifts along the orange line towards the laser beam, while the stable
point (red dot) wanders towards the center. For decreasing frequency, the points merge for ξ = ξmin ≈ 2.6. C
Radial distance of the stable (red) and unstable (blue) stationary point to the trap center in dependence on ξ.
For sufficiently large ξ, the two points are well-separated, but approach each other on the half-circle
for decreasing ξ, until they eventually meet for a minimum ξ of ξmin =
√
27/4 ≈ 2.6. This depen-
dence is depicted in Figure 4.14 C, where the radial distance of the stable and unstable stationary
points are plotted in red and blue, respectively. No stationary points exist for smaller values of ξ. At a
given trap diameter and heating power, this defines a minimum frequency for which a trapping can be
achieved. For lower frequencies, the laser rotation is to slow to prevent an escape of the particle due
to the thermophoretic drift driving the particle radially away from the heat source. Hence, ξ > ξmin
gives a theoretical stability condition for the trapping of a particle. Note, that only the repulsive char-
acter of the thermal potential causes the instability for lower frequencies as Brownian motion is yet
neglected. With typical thermal drifts of order uT ∼ µm/s and trap radii of a ∼ µm, the minimum
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frequency is of order ω/2pi ∼ Hz. With increasing ξ, the stable point approaches the center of the
trap, whereas the unstable one converges to the position of the heat source (see Figure 4.14 B and C).
The coordinates of the stable point may be expressed by a power series in ξ, and therefore in depen-
dence on the frequency ω, with y0 = a
(
ξ−2+2ξ−4+ . . .
)
and x0 =
√
y0(a− y0). Paying attention to
the radial symmetry of the trap, the coordinates may also be transfered to polar coordinates with r0
being the distance to the trap center
r0
a
=
1
ξ
+
1
ξ3
+ . . . (4.9)
and the angle ϕ0 with
tanϕ0 =
1
ξ
+
3
2ξ3
+ . . . . (4.10)
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Figure 4.15: A Positional distribution histograms in the rotating frame for a 460nm diameter polystyrene
bead for the laser rotation frequencies 0.6Hz, 1.1Hz and 2.7Hz. B Radial distance of the central point of the
position distributions (which coincides with the stable stationary point) versus the laser rotation frequency. A
fit of Equation 4.9 yields a thermal drift at a distance from the heat source of a= 4.3µm of uT = (3.3±0.1)µm.
C Position of the central point for the different frequencies (color-coded). The raw data (gray) was tilted by
10◦ about the center in order to correct the effect of the extended heat source. Again, the orange curve plots
the half circle x2 = y(a− y).
In order to verify the gained theoretical insight, the following experiment was performed. A 460nm
diameter polystyrene particle is thermophoretically trapped in a water film above a closed gold struc-
ture of radius a = 4.3µm. The heating laser power is held constant at moderate Pheat = 1.7mW.
Movies are acquired for rotation frequencies ranging from 0.6Hz to 5.0Hz. The particle and laser
positions are extracted from the movie files afterwards. Each trajectory of the particle is then trans-
fered to the rotating frame following the procedure explained in the last Section 4.2.3. Figure 4.15 A
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presents the corresponding position distribution histograms for three rotation frequencies in the ro-
tating frame. The position of the stable point is identified with the maximum of the distribution.
The decreasing shift of the distribution from the center with increasing frequency is clearly visible.
The radial distance r0 in dependence on the frequency f = ω/2pi is plotted in Figure 4.15 B. Fitting
Equation 4.9 yields a thermophoretic drift velocity of uT = (3.3±0.1)µm at a distance of a= 4.3µm
from the heat source. This value is consistent with the temperature rise at the center of the trap of
∆TCenter = 12K estimated using the simulated temperature profile.
As can be seen from Figure 4.15 C, the absolute x and y positions (grey data points) of the maximums
deviate from the theoretically predicted half circle plotted in orange. The deviation is stronger for
decreasing frequencies. The observation, that the radial distance matches the theoretical description,
implies that the measured phase angle precedes the angle given by Equation 4.10. This is explained
with the finite size of the heat source and the high thermal conductivity of the gold film, which
results in a spatially extended temperature field in contrast to the theoretical assumption of a point
heat source (Equation 4.7). The data is corrected by introducing an additional shift angle ∆ϕ0, which
is assumed to only depend on the real shape of the temperature field and in particular not on the
frequency ωa) . Doing so (color-coded data points) yields a sound agreement with the theoretical
prediction for ∆ϕ0 = 10◦ (orange line).
Motion Close to the Stable Point The trapping of a particle is achieved at the stable stationary
point. Theoretically, onces the particle reaches the stable point it performed a circular motion around
the center in the lab frame. The present paragraph explores the motion of a particle while it is close
to the stable point. Here again, Brownian motion is still neglected but will be discussed in the next
paragraph.
By introducing a new coordinate system in the rotation frame shifted by the coordinate of the stable
stationary point, rˆ = r− r0, the flow field close to r0 can be expanded in 1/ξ, which in first order
yields the expression
u = ω× rˆ+ ω
ξ
(xˆex−2yˆey)+ . . . . (4.11)
Herein, the first term resembles a simple rotation about the stationary point. The second term is
independent of the rotation frequency since ω/ξ= uT/a, however, is of particular importance for the
trapping, because it describes the radial drift driving a particle towards the stable point. While the
contribution in xˆ direction is pointing outwards, the flow in yˆ has twice the magnitude and points
inwards (negative sign), hence resulting in a net inward flow when averaging over one cycle. An
integration of Equation 4.11 yields the following expressions for the trajectory of a particle in the
proximity of the stable point r0,
xˆ(t) = Ae−Γt cos(Ωt−φ),
yˆ(t) = Be−Γt sin(Ωt). (4.12)
The latter equations describe a spiral. That means, still neglecting Brownian motion, the particle
will converge to the stable point in the long time limit t → ∞. A and B refer to the initial position
of the particle. The phase φ = 3/(2ξ) characterizes the anisotropy or skewness of the spiral. In the
a) This is fulfilled as long as the heat propagation is much faster than the laser trace velocity, which is well-fulfilled for
the used frequencies ω of a few Hz.
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high-frequency limit ξ→ ∞, the phase vanishes φ= 0 and the anisotropy disappears. The frequency
Ω = ω
√
1−φ2 of the particle in the spiral differs from the laser rotation frequency ω depending
on the phase φ. The coefficient Γ = ω/(2ξ) = uT/(2a) describes the damping or the speed of the
relaxation of the particle towards the stable point and is independent of the laser rotation frequency
ω. Note, that neither the shape of the flow field nor the position of the stationary points are dependent
on the particle size. The only particle characteristic appears via DT describing the interaction of the
trapped particle with the temperature gradient. Particle size, however, will influence the effects of
Brownian motion that are discussed later.
Figure 4.16 A presents a vectorial plot of the velocity field u(x,y)= (ux(x,y),uy(x,y)) calculated from
the experimentally obtained trajectory for the lowest measured frequency in the rotating frame. The
frequency of f = 0.6Hz corresponds to ξ= 4.9. Averaging out Brownian motion, the arrows indicate
the mean direction of the particle obtained from step size analysis in the particular spatial region. The
speed is represented by the color beneath the arrows, where darker regions indicate a faster flow. The
position of the heat source is given by the green dot on the top. Clearly visible, the particle appears to
be spiraling around the stable point, where the velocity field vanishes. For a quantitative comparison
to the theory given by the Equations 4.11 and 4.12, the vector field extracted from the experimental
data is projected in x and y direction and plotted along the horizontal (green) and vertical (violet) lines
in Figure 4.16 B and C, respectively. Therein, the corresponding theoretical prediction is represented
by the black curves, being in remarkable accord with the experimental data. Note, that the curves are
not fitted, but are calculated with no free parameters using uT = 3.3µm, which has been extracted
before from the experiment (see Figure 4.15 B) and a trap radius of a= 4.3µm measured in the movie
file.
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Figure 4.16: A Flow field obtained by step-size analysis of the trajectory for f = 0.6Hz, where Brownian
motion has been averaged out to a large extend. The arrows show the direction of the flow u/u, while the
color scale indicates the magnitude u = |u|. The red dot marks the position of the stationary point. B x and
y component of the flow fields along the horizontal line in A (green). The black lines are calculated from
Equation 4.12 for a trap size of a = 4.3µm and a thermal drift of uT = 3.3µm2/s. C Same as B but along the
vertical line (magenta) in A.
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Below, the analogy to the dynamics in a Paul trap shall be pointed out. Paul trapping employs a
saddle potential to confine a objects. This saddle in attractive in one direction, but repulsive into
the other, which is why the saddle potential is rotated at a high frequency in order to confine a
particle or ions.45, 165 The motion of a trapped object is described by two frequencies. Depending
on the complex stability parameters, ions trapped in a Paul trap in vacuum are forced on non-trivial
trajectories.44, 166 Typically, a macro-motion is observed superimposed with a circular micro-motion
at the driving frequency commonly on the order of MHz. Although the frequency range used to
trap an object thermophoretically is at a totally different order of several Hz, nevertheless, a similar
observation is made. Switching to the rotating frame decouples a micro-motion at the laser frequency
ω from the harmonic oscillation of the particle in the rotation frame at a different frequency Ω, which
is analogous to the macro-motion in the Paul trap. Due to the viscous medium, an additional damping
factor appears, such that the distance of the particle to the stable point decreases exponentially with
time until it is eventually reached. Then, the macro-motion disappears and a circular motion of
the particle around the trap center is theoretically observed in the lab frame. The analog effect for
the trapping of particles using a Paul trap in a viscous medium has been reported as well.167 This
macro-motion not only disappears in the long time limit, but in general for sufficiently large ω due
to the disappearance of the phase φ. This can be immediately seen from the Equations 4.12, which
for φ = 0 exactly resemble the transformation from the lab to the rotating frame since the stable
point also converges to the center (r0 → 0 for large ω). That means in particular, that the dynamic
thermophoretic trap operated at a high frequency ω, such that ξ ξmin, may be treated as if the
particle is trapped by a steady heating of the entire gold structure, hence being refereed to as ‘quasi-
steady’ heating. That implies that the unwanted temperature rise in the center of the trap can not be
substantially reduced by the new heating scheme. Only a little drop in ∆Tcenter of a few percent can be
achieved by using a focused laser beam compared to an expanded one that effectively heats a larger
area of the gold film as shown later in Figure 4.22. The macro-motion also explains the appearance
of the tangential drift for a sufficiently low frequency in Figures 4.11 and 4.13, where the distance
of the stable point to the trap center is r0 > 0, while only a radial component is measured for high
frequencies. The measured tangential drift is, however, less meaningful for uncovering the dynamics
of the particle, since it represents a tangential average of the flow field in the rotating frame.
The trajectory described by Equations 4.12 is the deterministic solution for an anisotropic two-
dimensional damped harmonic oscillator, which accordingly suggests a harmonic potential. Adding
Brownian motion, the position distribution of a particle within such a potential should resemble a
anisotropic Gaussian. This was readily observed in Figure 4.15, but will be studied in detail in the
next paragraph.
Brownian Motion and Particle Distribution In reality, Brownian motion spreads any point-like
initial probability distribution for a particle in the trap. Practically, this drives the particle away
from the stable point. With regard to a stable confinement, this effective outward flow needs to be
compensated, which is achieved by the already discussed inward component of the velocity field 4.11
driving the particle towards the stable stationary point.
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The detailed theoretical derivation of the relation describing the positional distribution within the
rotating frame is given in the publication168 and is only briefly presented here. The interplay of
advection and diffusion is described the a stationary Smoluchowski equation (see Section 2.1.2),
∇ · j = 0, j = Pu−D∇P, (4.13)
where P and j represent the particle probability density and the corresponding probability flux, D the
diffusion coefficient and u the velocity field in the rotating frame (Equation 4.11). A linearization of
u in powers of xˆ and yˆ and a projection in radial (erˆ) and tangential direction (eϕ) with respect to the
stable point yields
urˆ =
ω
ξ
xˆ2−2yˆ2
rˆ
=
uT
a
xˆ2−2yˆ2
rˆ
and uϕ = ωrˆ. (4.14)
This again shows that the radial drift shows outwards in xˆ direction, while showing inwards in yˆ
direction. Also, the radial drift is independent of the frequency ω and is slow compared to the angular
motion for any ξ> ξmin. Hence, during a single cycle, the change in the radial distance to the stable
point rˆ is weak (i.e. the damping is negligible as e−Γ/Ω ≈ 1) such that urˆ may be replaced with its
time average
u¯rˆ =−uT rˆ2a . (4.15)
The negative sign indicates an effective inward flow towards the stable point, which is in steady-
state compensated by the diffusive outward flow, j¯rˆ = Pu¯rˆ −DdP/drˆ = 0. Adapting the problem
in skew coordinates rˆ± = 1√2(xˆ± yˆ), which is possible due to the ellipticity along the diagonal (see
Equations 4.12) and taking into account the anisotropy by the non-zero correlation xˆyˆ = 12 rˆ
2 sinφ
yields the following expression for the probability distribution of a particle in the rotating frame,
P(xˆ, yˆ) = P0 exp
(
− rˆ
2
+
2σ2+
− rˆ
2−
2σ2−
)
(4.16)
with the mean-squared displacement
σ2± = (1± sinφ)
2Da
uT
, (4.17)
where sinφ may be approximated with sinφ∼ φ= 3/(2ξ)∝ 1/ω. The position distribution therefore
shows a distinct anisotropy in diagonal direction for low frequencies, which vanishes for sufficiently
high frequencies. Then, an isotropic position distribution is observed with equal widths of σ2 = 2DauT .
In contrast to the position of the stationary points, the width of the position distribution is dependent
on the size of the particle, which appears within the diffusion coefficient D = kBT/(6piηR), such that
σ ∝ R−1.
Fitting a 2D-Gaussian to the positional distributions in the rotating frame in Figure 4.15 yields the
experimental values for σ± which are plotted in Figure 4.17 A as the black squares (σ+) and red cir-
cles (σ−). The black and red lines plot the according theoretical prediction of Equation 4.16 for a trap
size of a = 4.3µm, a thermophoretic drift of uT = 3.3µm/s and the according diffusion coefficients
which are obtained from step size analysis and are of average D = 0.59µm2/s. Both σ+ and σ−
are of the expected order, however, do not show a quantitative agreement. The anisotropy σ+/σ− is
shown alongside in Figure 4.17 B. While the experimentally measured anisotropy follows the theo-
retical prediction reasonably well for high frequencies, a lower anisotropy is obtained for frequencies
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below 1.5Hz. These are the frequencies, where the particle probes the regions in the trap that are
closest to the gold edge. Hence, the major deviation is again attributed to the spatially extended heat
source, whereas a point source was modeled. The difference in the resulting temperature fields are
strongest close to the rim of the gold structure. A stronger inward component of the real temperature
gradient along the gold edge compresses the long direction of the position distribution which leads to
the decreased anisotropy.
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Figure 4.17: A Widths σ+ (black) and σ− (red) of the positional distributions in Figure 4.15 in the rotating
frame in dependence on the laser rotation frequency. The according curves are calculated from Equation 4.17.
B Anisotropy σ+/σ− of the positional distribution versus the laser rotation frequency f .
Finally, a publication by Duhr and Braun in 200665 shall be mentioned, where, in order to accumulate
particles, a local thermophoretic (repulsive) drift field generated by an optothermal heating of the fluid
is superimposed by a linear fluid flow in a micro-channel resulting in a one dimensional confinement.
The rotating laser beam in our case produces an analog advection field to achieve a trapping in two
dimensions. The theoretical descriptions are alike.
4.2.5 Trapping Above a Plain Film of Gold
The advanced heating scheme allows for more flexibility in terms of the heat source. With a heating
by an expanded laser beam, a hole-like structure is essential in order to achieve a local temperature
minimum. However, the hole in the gold film may be obsolete due to the local excitation. Often,
a focused infrared laser beam is used to locally heat water, also resulting in a repulsive effective
potential.59, 63, 65 The produced temperature gradients are typically smaller due to the lack of a sharp
edge from an absorbing medium to an non-absorbing one. Nevertheless, since an implementation
in existing setups would be particularly easy, it shall be demonstrated, that single particles may also
be trapped without the need for a non-absorbing micro-structure. Since no appropriate infrared laser
beam was available for a direct heating of the water film, a plain gold film without a hole structure
is used, producing a comparable temperature field upon local heating. By cycling the focused laser
beam along a circular trace on the absorbing gold film, an effective local temperature minimum is
achieved.
Single 200nm-diameter polystyrene particles are confined by a temperature field, which is produced
by a focused laser beam driven in circles over a plain gold film at a frequency of f = 100Hz. The ra-
dius of the circle is varied between 7µm and 13µm. Movies of 10000 frames per radius are recorded
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at a frame rate of 50Hz resulting in trajectories of 200s length. Figure 4.18 A shows the position dis-
tribution histograms for three different laser traces (green dashed circles). Obviously, the confinement
decreases for increasing laser circle diameter. Each distribution resembles a Gaussian, indicating an
effective harmonic trapping potential in the central region. The corresponding effective trapping po-
tentials U/kBT = − lnP/P0 are plotted in Figure 4.18 B for the according radii. The quadratic fits
(dashed black) readily prove the harmonicity of the potentials.
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Figure 4.18: A Positional distribution of a 200nm polystyrene particle confined by a rotating laser beam
focused to a plain gold film (no hole structure) for different circle radii (6.9µm,9.8µm and 13.2µm). B
Corresponding effective trapping potentials ∆U/kBT =− ln(P/P0) calculated from the postion distribution.
In order to describe the measured distributions theoretically, the produced temperature fields are
calculated numerically by a similar FEM simulation described in the Sections 4.1.1 and 4.1.6.
Figure 4.19 A shows the lateral temperature field above the gold film produced by the focused laser
beam. To create the circular heating profile, experimentally, the laser beam is subsequently steered
to 36 positions, i.e. in 10◦ steps, on a ring with the particular radius. A step frequency of 3600Hz
results in an effective laser rotation frequency of 100Hz. Due to the high frequency, the particle feels
the time-averaged temperature field as was shown in the last Section 4.2.4. Hence, the according
temperature field results from a super-position of the field shown in A is duplicated to 36 positions
along the circle of the particular radius, shown in Figure 4.19 B for different radii. Figure 4.19 C de-
picts temperature line profiles normalized to the maximum of the rotated temperature field ∆TAu,Rot.
For consistency, the same notation for the subscript ∆TAu is used for the maximum temperature rise
although here the gold film covers the entire trapping region. For a heating by means of the focused
laser beam, the temperature increment per heating power ∆TAu/PHeat = 29K/mW is known from a
measurement that will be presented later in Section 4.3.3. The averaged maximum temperature rise
along the circle ∆TAu,Rot due to the laser rotation is much lower than the instantaneous temperature
rise at the position of the laser beam ∆TAu and is a priori not known. However, it is clear, that the
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center temperature must be the same for the case of a rotating and a steady focused laser beam, since
the absolute distance to the heat source is in both cases the same at any time. Adjusting ∆TAu,Rot
accordingly (Figure 4.19 D) allows for the calculation of the ratio ∆T relAu,Rot = ∆TAu,Rot/∆TAu, which
is plotted in Figure 4.19 E.
0.30
0.25
0.20
0.15
0.10
0.05re
l. 
te
m
pe
ra
tu
re
 d
ep
th
12108
laser trace 
radius [µm]
0.006
0.005
0.004
0.003
0.002
0.001
0.000
re
l. 
al
ph
a 
[1
/µ
m
²]
12108
laser trace 
radius [µm]
1.0
0.8
0.6
0.4
0.2
∆T
/∆
T A
u
-10 0 10
y [µm]
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
∆T
/∆
T A
u,
R
ot
-10 0 10
y [µm]
 7.0 µm
 8.5 µm
 10.0 µm
 11.5 µm
 13.0 µm
R=13.0µmR=10.0µmR=7.0µm
5µm
A B
C D
E F G
0.24
0.22
0.20
0.18
0.16
0.14
∆T
A
u,
R
ot
/∆
T A
u
12108
laser trace 
radius [µm]
Figure 4.19: A Temperature field map of a single spot heating by a focused laser beam. B Rotation-averaged
temperature field after rotation of the focal spot for different radii. C Line profiles through the rotation-averaged
temperature profiles for increasing laser rotation radius. D Scaled line profiles to match the center temperature
rise with the profile of the steady focused heating. E Ratio of the temperature rise at the gold structure for
rotation-averaged temperature field to the maximum temperature rise of a heated spot. F Relative curvature of
the temperature field with respect to ∆TAu,Rot (black) and ∆TAu (red). G Relative depth of the temperature field
relative to ∆TAu,Rot (black) and ∆TAu (red).
Obviously, the average temperature rise decreases for increasing radius due to the distribution of
the same heating power onto a larger circumference. The curvatures of the temperature field may
be obtained from fitting a second-order polynomial to the temperature fields and are plotted in
Figure 4.19 F normalized to ∆TAu,Rot (black) and ∆TAu (red). The effective trapping potential is re-
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lated to the relative depth of the local minimum ∆TAu−∆TCenter plotted in Figure 4.19 G again with a
normalization to ∆TAu,Rot (black) and ∆TAu (red). While the curvature of the temperature field, which
is a measure for the trapping stiffness, decreases with increasing laser trace diameter, the relative
depth and therefore the trapping potential energy increases. A similar dependency is already found in
Section 4.1.6 for the temperature fields produced by the closed gold structure of different hole sizes.
The dependencies found from the latter simulations can be directly compared with the presented
experimental data. The width (standard deviation) of the position distributions in Figure 4.18 A are
plotted in Figure 4.20 A. At a heating power of PHeat = 7mW, the confinement ranges from about
σ= 1.7µm for a laser trace radius of 6.9µm to about σ= 3.0µm for a radius of 13.2µm. Trapping of
particles at lower radii over extended periods was not possible or relatively unstable. The theoretical
prediction σ2 = 1/(STα) for a Soret coefficient of ST = 1.1K−1 and α= αrel∆TAu = αrel ∆TAuPHeat PHeat is
plotted as the dashed line. Due to a large affinity of the particles to adhere to the gold surface, each
trace was acquired with a different particle at a different site on the gold surface leading to the visible
deviation of the experimental data to the theoretical curve. The temperature profiles reconstructed by
the experimental position distribution ∆T =− 1ST ln
(
p
p0
)
is shown in Figure 4.18 B and compared to
the simulated temperature profiles. Each shows a reasonable agreement.
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Figure 4.20: A Width of the position distributions plotted in Figure 4.18. Gray dashed line is the theoretical
prediction calculated from the curvature of the simulated temperature fields for a Soret coefficient of ST =
1.1K−1. B Simulated temperature profiles for an instantaneous temperature rise at the gold structure with
heating power of ∆TAu/PHeat = 29K/mW (see Section 4.3.3).
A heating power as high as PHeat = 7mW leads to an instantaneous maximum temperature rise of
about ∆TAu = 200K. However, while driving the laser along the circle, the average maximum tem-
perature rise of the gold decreases depending on the radius from 49K for a radius of 7µm to 27K
for a radius of 13µm. Since the particle is trapped a few µm away from the heat source, the average
temperature rise of the particle accordingly ranges from 43K to 18K, accordingly.
The presented experiment together with the simulation proves the feasibility of a trap consisting
of a rotating temperature maximum without the need for a hole structure. While trapping using a
hole structure can already be realized with trap diameters as small as 5µm, here, a large diameter
is needed to achieve a sufficient depth of the temperature field. However, without the need for a
hole-like structure, the presented trapping scheme may readily be implemented into existing setups
by only changing software.
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4.3 The Feedback-Assisted Thermophoretic Trap
A typical temperature field induced by a laser beam focused onto the gold film near a circular hole
is shown in Figure 4.21 A. In addition to the gain in temperature gradient, the relative temperature
rise in the center of the gold structure is much lower as compared to the steady heating of the entire
circumference as can be seen from the temperature line profiles in Figure 4.21 B, being 14% for
focused beam versus 67% for expanded beam for the particular geometry shown of 10µm-trap size.
However, illuminating a single spot only will drive the particle rapidly out of the trapping region due
to the thermophoretic repulsion for typically positive Soret coefficients.
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Figure 4.21: A Sketch of the focused laser beam heating the edge of the gold structure. This creates an effective
repulsive potential for a particle due to thermophoretic interactions. B Simulated lateral temperature elevation
map through the gold structure. The white circle indicates the edge of the circular hole in the gold film with a
diameter of 10µm. C Simulated lateral line profiles of the relative temperature increase through (black curve)
and 300nm above (red curve) the gold structure. The green curve indicates the profile of the heating beam (in
arbitrary units). The dashed curves represent the temperature profiles for a heating of the entire gold structure
by an expanded laser beam accordingly. D Illustration of the parameters used in the following: position of the
particle R(t), position of the target RT, position of the heating laser beam RL(t), director pointing from the
target towards the heated spot eˆ(t). The arrows indicate the direction of the thermal drift vT. For convenience
the coordinate origin is located in the center of the circular hole in the gold film.
To keep a particle within the trapping region, the focused beam needs to be moved. In a simple mode,
the beam is steered in circles along the gold structure168 as was demonstrated within the last sections.
For the purpose of trapping, this heating scheme is most efficient for high rotation frequencies, where
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the velocity of the beam is much faster than the induced thermal drift and, thus, the particle feels a
time-averaged temperature field of the same shape as for the steady heating. Hence, the advantages of
the stronger temperature gradients and the lower relative center temperature are no longer significant
due to the effective averaging of the temperature field. Additionally, while periodic fields are easy
to produce, micro and macro motion of the trapped particle is induced in a similar manner as for
Paul trapping.167 To exploit the full potential of the focused heating beam and the instantaneous
local temperature field, yet another heating scheme is introduced. In order to study a particle, it
needs to be observed in any case which is done typically via a fluorescent labeling. Hence, the step
to a real-time observation is small. The effort to track the particles position in real-time pays off,
as steering the local temperature field accordingly may push the limit of the method tremendously.
Also, by modifying the particular feedback rules, the method is extended from the pure ability of
trapping towards a versatile tool to manipulate objects in liquids. The aim of the following sections is
to explore the thermophoretic trapping of particles and molecules using a feedback-controlled optical
heating of the gold structure.
4.3.1 Trapping by Active Dynamic Heating – The Feedback Trap
As the local temperature field decays radially from the heat source, the thermophoretic drift points
radially away from the heat source as well. To guide a particle towards the center of the gold structure,
the location of the heating beam is controlled by the real-time feedback (FB) loop such that the
generated temperature gradient pushes the particle at the position R(t) towards the target RT in the
center of the trap according
RL(t) = RTrapeˆ(t). (4.18)
Herein, RTrap is the radius of the gold structure and eˆ(t) = R(t)−RT|R(t)−RT| the director pointing from the tar-
get to the position of the heating laser beam RL(t). A scheme of the geometry is shown in Figure 4.21
D. By that, an effective temperature profile is produced, which depends on the particle position. Its
shape is shown for instantaneous feedback, i.e. for high feedback update frequencies, in Figure 4.22
with the black line. This one-dimensional representation consists of two parts. The left arm results
from the heating at the left if the particle is located left from the center and vise versa. That means,
only one position is heated at a time, which leads to a central kink caused by the non-zero temperature
gradient in the center. The extension of the instantaneous temperature field for the heating laser being
placed on the right side is plotted with the black dashed line, but does not contribute to the now ‘vir-
tual’ effective temperature field. A heat diffusion coefficient of water DH2OHeat ≈ 0.14·106µm2/s being
much higher than the particle diffusion of order D∼ 1µm2/s allows for a fast switching of the temper-
ature fields within microseconds (see Section 2.4.3). Thus, at a typical feedback cycle time of 10ms,
the temperature fields can be assumed to be generated instantaneously. The scheme in Figure 4.22
also shows the effective temperature profiles for static (red) and quasi-static (red dashed) heating for
the same ∆TAu. Both exhibit a much higher center temperature rise. Due to the exploitation of the
information of the particle position and the heating at the single position that is most efficient to drive
the particle to the center, a heating of all other positions is omitted with the feedback-controlled heat-
ing scenario, which is not the case for a steady or quasi-steady heating (red lines in Figure 4.22). The
absolute temperature rise in the center of the trap therefore decreases significantly.
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In the upcoming discussion of the results, a similar notation to quantify the temperature fields is used,
summarized in Figure 4.22. The maximum temperature rise at the heated spot of the gold structure is
again denoted by ∆TAu. The simulated temperature profiles and gradients often appear normalized to
∆TAu, such that ∆T rel = ∆T/∆TAu and ∇T rel = ∇T/∆TAu.
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Figure 4.22: Effective temperature profile produced via feedback heating (black) in comparison to steady
heating of the entire gold structure (red) and quasi-steady heating (red dashed).
4.3.2 Comparison of Quasi-Steady vs. Feedback-Controlled Heating
To highlight the improvement, the confinement of a 200nm-diameter polystyrene bead in a 10µm-
diameter trap is compared for two different heating scenarios. First, the laser focus is steered in circles
along the gold edge at a rotation frequency of 200Hz. The velocity of the laser beam is much faster
than the induced thermal drift which is why the particle only feels the time-averaged temperature field
having the a similar shape as for a wide-field illumination of the entire gold structure and is hence in
the quasi-steady heating regime (QS heating). Second, the same bead is trapped using the feedback
rule (FB heating) described above, where the laser beam is placed in dependence on the particles
position according to Equation 4.18. Aside from the respective heating scheme, the experiments are
exactly identical. The feedback cycle time of τFB = f−1CCD = 0.01092s is given by the inverse frame
rate of the CCD camera.
Figures 4.23 A and B compare the positional distribution histograms for QS and FB heating, respec-
tively. For both, the data approximately follow Gaussian distributions, implying a harmonic equiv-
alent trapping potentials. The narrower distribution for the FB heating scheme can clearly be seen
from radial position distribution histograms in C yielding the rms-widths σQS = (1.47±0.02)µm and
σFB = (0.432± 0.002)µm. Also, a more than four times higher average radial drift of 〈vT,FB ·er〉 =
(−6.1± 0.1)µm/s is measured for the feedback scheme as compared to the quasi-steady heating
with 〈vT,QS ·er〉 = (−1.4± 0.1)µm/s. This results from the stronger temperature gradients for the
FB heating compared to the decreased gradients for the QS heating due to the rotation-averaging of
the temperature field.
By calculating the equivalent trapping stiffness κ = kBT/σ2, i.e. the curvature of the effective trap-
ping potential shown in Figure 4.23 D, it is seen that for the same heating beam power, the stiffness
for the FB heating (κFB = 22.0fN/µm) is about an order of magnitude higher than for the QS heating
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(κQS = 1.90fN/µm). Hence, with the real-time FB, in the given experiment 10 times less heat depo-
sition is necessary to achieve the same trapping stiffness as for a QS heating, as the trap stiffness is
proportional to the absolute temperature rise κ ∝ ∆TAu. The effective trapping stiffness achieved with
the feedback heating scheme is comparable to that reported for the first generation ABEL trap.169
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Figure 4.23: A Positional distribution histogram of a 200nm-diameter polystyrene particle for a quasi-steady
heating at a laser rotation frequency of 200Hz. The rms-distance from the center of the trap measures σQS =
(1.47±0.02)µm at a heating beam power of Pheat = 3.0mW. B Same as for A but laser beam is feedback-loop
controlled at a feedback cycle time of τFB = 10.92ms. rms-displacement reduces to σFB = (0.432±0.002)µm.
C Radial positional distribution histogram for QS (red) and FB (black) heating fitted by Equation 4.2. Inset
Probability of heating at a certain angle along the circumference of the gold structure. The gray dashed line
shows the average. D Effective trapping potentials ∆U/kBT =− ln(P/P0) for QS (red) and FB (black) heating,
each with second order polynomial fit (harmonic approximation).
Figure 4.24 shows the effective temperature profiles calculated from FEM simulations together with
the experimental data, i.e. the temperature profiles calculated from the position distribution via
∆T = − ln(P/P0)/ST. Both match for a Soret coefficient of ST = 1.6K−1. The knowledge of the
temperature rise per heating power is necessary for the calculation of the theory plots as the simula-
tion delivers a relative temperature profile normalized to ∆TAu but can be scaled then with the heating
power according to ∆TAu/PHeat = 29K/mW. The origin of this factor is discussed in detail within the
next section. The depth of the effective temperature fields determining the height of the confining po-
tential differs strongly as can be directly seen from Figure 4.24 (∆TDepth,FB = 74.6K for the feedback
heating versus ∆TDepth,QS = 8.1K for the quasi-steady heating). Note, that the instantaneous temper-
ature rise of the gold structure and hence the average center temperature is approximately the same in
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both heating scenarios. Also, the probability for heating at a certain angle is equally distributed along
the rim of the gold hole in both cases (see inset in Figure 4.23 C for FB, trivial for QS). That implies,
that the average temperature profile, which directly resembles the effective temperature profile for
the QS heating, is the same for both scenarios. The shape of the effective temperature profile for the
FB heating, however, is different and results from the active steering of the laser beam. The increase
in effective temperature depth by about a factor of 10 as well as the increase in trapping stiffness by
the same factor is thus only due to the active positioning of the heating beam with feedback on the
real-time position of the trapped object.
Theoretically, the temperature field exhibits a kink in the trapping center which also should be directly
visible in the experiment. However, the calculation represents the temperature field for an infinite
feedback update rate. In the experimental data, the sharp kink is blurred by Brownian motion within
one frame, but also from an inaccuracy of the tracking of the bead as well as the heating position of
the laser beam.
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Figure 4.24: Temperature profiles reconstructed from the positional distribution for a Soret coefficient of
ST = 1.6K−1 for FB (black) and QS (red) heating and comparison to effective theoretical temperature fields.
The dashed red line represents the equivalent temperature field for a steady heating of the entire gold structure.
4.3.3 Steady-State and Dynamic Properties of the Feedback Trap
The last section demonstrated the feasibility of a thermophoretic feedback trap and gave a direct
comparison to the quasi-steady heating scheme. Within the this section, the steady-state and dynamic
properties of the feedback trapping scheme are investigated in detail in the same manner as was
presented in the Sections 4.1.2 to 4.1.5 for the steady heating scheme. These properties include the
achievable confinement, the induced thermal drift velocities as well as the diffusion coefficient and
the generated temperature rise, also allowing the measurement of the Soret coefficient. All the latter
4.3 The Feedback-Assisted Thermophoretic Trap 79
concerns may be addressed by studying the confinement of a particle in dependence on the heating
power. To be consistent with the previous experiments, the same polystyrene bead size of 200nm
diameter is chosen. The trap size is dTrap = 8.2µm and the heating powers used are between 0.6mW
and 3.0mW. The feedback cycle time of τFB = f−1CCD = 0.01092s again is determined by the inverse
frame rate f−1CCD of the CCD camera. For each heating power, a movie of 40000 frames is acquired,
resulting in trajectories of 435s length after tracking the particle’s position.
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Figure 4.25: A Position distribution of a 200nm polystyrene particle confined in a 8.3µm trap using feedback-
controlled laser heating of the gold structure for increasing heating powers. B Position distribution line profiles
for the highest (black) and lowest (red) heating power together with Gaussian fits. C Width (standard deviation
from the center) of the position distributions fitted by σ ∝ P−1/2Heat . Inset: Power spectral density of the particle’s
motion in the trap. D Effective trapping potentials ∆U/kBT =− ln(p/p0) calculated from the position distri-
butions in B. E Effective trapping stiffness calculated from the width in C with linear fit yielding a slope of
κ/PHeat = (13.1±0.6) fN/(µm·mW).
Positional Distribution Figure 4.25 A presents positional distribution histograms for increasing
heating powers. The increase in confinement is directly visible. The distributions approximately
follow a Gaussian, as can be seen from the line profiles in Figure 4.25 B. The width of the confinement
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with rising heating power is plotted in Figure 4.25 C and decreases from about 0.74µm for 0.6mW
heating power to about 0.34µm for 3.0mW.
Under the assumption of instant feedback and that the temperature field can be approximated by a
parabola in the center of the trap, ∆THarm(r) = α2 r
2 +∆TCenter, with α ∝ ∆TAu ∝ PHeat the curvature
of the temperature field, the width σ ∝ P−1/2Heat goes as the inverse square root of the heating power
(see discussion in Section 4.1.2). At a finite feedback cycle time, an over-compensation at high heat-
ing intensities may broaden the position distribution. An over-shooting over the target position is
directly visible in the power spectral density (PSF) of the particle as a resonance peak.170, 171 From
the inset in Figure 4.25 C it can be seen, that no peak is visible in the experimental data. The
PSD for the highest heating power (red curve) used shows a little neck beyond frequencies of 10Hz,
marking the beginning of the over-compensation. Finite feedback cycle times will be discussed in
detail in Section 4.3.5. The one-over-square-root-power-dependence well fits the experimental data
in Figure 4.25 C. The effective trapping potentials ∆U(r)/kBT =− ln(p/p0) are calculated from the
positional distributions. Two examples are plotted in Figure 4.25 D for the lowest and highest mea-
sured heating powers. Assuming a temperature independent ST, the effective potential resembles the
shape of the temperature field ∆U(r)/kBT = ST∆T (r). The sharp kink in the theoretically expected
effective temperature field in the center of the trapping region again appears to be blurred in the exper-
imental data (see last Section 4.3.2). Under the assumption of a harmonic effective trapping potential,
the effective stiffness is calculated from the width of the position distribution via κ= kBT/σ2 and is
plotted in Figure 4.25 E. Consistently with the theoretical expectation (κ= STαkBT ∝ PHeat), a linear
relation with the heating power is recognized with a slope of κ/PHeat = (13.1±0.6) fN/(µm·mW).
Thermophoretic drift The drift velocities that are induced by the temperature gradients are
extracted from the trajectory via step size analysis, which was already explained in detail in
Section 4.1.3. In short, the probability of finding a particle at a position R(t + τ) if it has
been at the position R(t) in the previous frame is given by the advection-diffusion propagator
padp (R(t+ τ),R(t)) ∝ exp
(
− |R(t+τ)−R(t)+vTτ|24Dτ
)
exhibiting a Gaussian shape. Its width σ2 = 2Dτ
is determined by Brownian motion, which will be discussed later on. First, it shall be concentrated
on the drift velocity given by the shift vTτ of the distribution. To account for the symmetry of the
effective temperature field, each step R(t+ τ)−R(t) is projected in radial and tangential direction.
Figure 4.26 A shows the radial and tangential drift velocity averaged over the entire trapping region.
While no tangential component is detected, the radial component increases linearly with the heating
power. The negative sign reveals the flow towards the trap center. This is in accord with the effective
temperature profile generated by the feedback-controlled heating (Equation 4.18), which steers the
laser beam such that the tangential component of the temperature gradient disappears while only
the radial component survives. Since the radial component is proportional to the temperature rise at
the gold structure ∆TAu ∝ PHeat, the radial drift also increases linearly with the heating power. The
spatially resolved radial drift velocity is plotted in Figure 4.26 B as a function of the distance to the
trap center. Clearly visible is the (negative) increasing velocity for growing distances to the center,
which is consistent with the higher temperature gradient radially towards the gold rim. From the
effective temperature fields for the feedback heating (see Figure 4.22), a finite temperature gradient
is expected, leading to a finite drift velocity in the center of the trap. However, this is not observed in
the experimental data, which is addressed to the fact that the closer the particle is to the trap center,
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the higher is the relative error in the determination of the heating position director eˆ = R−RT|R−RT| (see
Figure 4.21 D) due to Brownian motion within one frame cycle and tracking uncertainty. This also
leads to the measurement of the blurred kink in the effective temperature profiles. Figure 4.26 C
shows that the tangential drift not only disappears on average, but for every distance to the trap center
at any heating intensity.
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Figure 4.27: A Diffusion coefficient as a function of the heating laser power. Dashed line according to Equa-
tion 4.4 yielding an average temperature rise of the particle per heating power of ∆TAvg/PHeat = 5.4K/mW (top
axis). B Relative termperature profiles from FEM simulations scaled with the temperature rise at the gold struc-
ture ∆TAu together with the temperature profiles reconstructed from the position distributions in Figure 4.25
for a Soret coefficient of ST = 1.5K−1.
Diffusion Coefficient and Effective Temperature Field An analysis of the width σ2 = 2Dτ of
the step size distribution padp (R(t+ τ),R(t)) yields the diffusion coefficient D. To ensure a decou-
pling of the Brownian steps from the thermophoretic drift, which may result in a broadening, the
width is analyzed after a projection in tangential direction, where no temperature gradient is present
and the thermal drift thus disappears. Figure 4.27 A plots the diffusion coefficient in dependence
on the used power of the focused laser beam, which varies between D = 1.04µm2/s for the lowest
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heating power of 0.6mW and D = 1.52µm2/s for 3.0mW. The main effect results from the decreas-
ing viscosity for increasing heating power, while the increase in thermal fluctuations is relatively
small (kB∆T/kBT0 < 5%). To obtain a measure for the temperature rise at a given heating power, a
Stokes-Einstein relation with temperature-dependent viscosity is fitted (Equation 4.4, see discussion
in Section 4.1.4) yielding an average temperature rise of ∆TAvg/PHeat = 5.4K/mW for the particular
trap diameter of 8.2µm. For the measured particle distributions, the average temperature of the par-
ticle ∆TAvg is well-approximated by the center temperature rise ∆TCenter, which will be shown later
(Figure 4.28). From the shape of the simulated effective temperature profile, a temperature rise at the
gold structure with the heating power is calculated to ∆TAu/PHeat = 29K/mW. While this value is
dependent on experimental parameters such as laser wavelength, beam diameter or gold film thick-
ness, it is independent of the trap size and may hence be used to calculate the center temperature rise
∆TCenter/PHeat for different trap sizes. Figure 4.27 B shows the absolute temperature fields calculated
from the simulated relative temperature profiles for the particular trap size of 8.2µm diameter to-
gether with the experimental data obtained from the positional distributions via ∆T =− ln(p/p0)/ST
for three different heating powers. The simulated and experimentally obtained temperature profiles
fit well for a Soret coefficient of ST = 1.5K−1 for all heating intensities, which agrees with literature
for the given particle size.60, 62 The lower Soret coefficient compared to the experiment for the static
heating is a result of a higher water film thickness (see discussion in Section 4.1.5).
Average Temperature Rise and Trap Size Dependence In the last paragraph, the assumption was
made that the average temperature of the particle ∆TAvg does not significantly differ from the center
temperature rise ∆TCenter. This claim shall be discussed in the following supported by a simple cal-
culation, which was already performed for the steady-state heating scheme in Section 4.1.4. As seen
from Figure 4.25, the positional distribution approximately follows a Gaussian distribution p(r;σ) of
standard deviation σ. The effective temperature profiles for the three different trap diameters used, i.e.
8.3µm, 10.3µm and 15.3µm, are shown in Figure 4.28 A. The average temperature rise a particle ex-
periences in the trapping region can be then estimated by an integration of the positional distribution
(indicated for σ= 1.0µm by the gray dashed curve) over the effective temperature profile
∆TAvg(σ) =
∫
∆T (r) p(r;σ)dr. (4.19)
Figure 4.28 B plots the average temperature rise normalized to ∆TAu for an increasing Gaussian
width σ for the different trap sizes. The respective relative center temperature rises ∆T relCenter are
plotted as the dashed lines. The relative increase in average temperature ∆T relAvg − ∆T relCenter is the
strongest for the smallest trap size, but is for typical widths σ < 1µm (see Figure 4.25) below 5%.
Generally, the center temperature rise and therefore the average temperature of the particle decreases
for increasing trap sizes, which is plotted in Figure 4.28 C as the red curve. Also, the depth of
the temperature field (∆TAu−∆TCenter)/∆TAu increases with increasing trap size (black curve). This
behavior was already found for the steady heating scheme (see Figure 4.9). However, a comparison
of the values for an 8µm-diameter trap reveals the more distinct effective temperature minimum
for the feedback-controlled heating (∆T relDepth,Steady = 0.25 vs. ∆T
rel
Depth,FB = 0.83) going along with
considerably less center temperature rise (∆T relCenter,Steady = 0.75 vs. ∆T
rel
Center,FB = 0.17). Table 4.1
presents an overview of the absolute temperature increment in the center of the trapping region for
the different trap sizes used, which can be calculated from the effective temperature profiles plotted in
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Figure 4.28 together with the temperature rise of the gold structure upon laser illumination ∆TAu/PHeat
found in the last paragraph (Figure 4.1.4). Due to the larger average distance to the heat source, the
center temperature rise is lowest for large trap sizes. For the trapping of temperature-sensitive material
such as biomolecules, it is thus advisable to use a large trapping diameter. Also, the height of the
effective trapping potential ∆U/kBT = ST∆TDepth slightly increases for increasing trap sizes, which is
shown with the right column in Table 4.1. Both the advantages of large traps go along with a broader
particle distribution within the trapping region due to decreasing trapping stiffness with growing trap
size. Stiffness becomes important to measure forces e.g. in force spectroscopy using optical tweezers,
but is typically less meaningful for the pure confinement of objects in a well-defined spatial region
over extended time periods.
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Figure 4.28: A Simulated temperature profiles assuming an instant feedback for the trap diameters 8.3µm
(blue), 10µm (red) and 15µm (black). The gray dashed curve represents a Gaussian probability distribution
with σ = 1µm (in arbitrary units). B Relative average temperature rise of a trapped particle for an increasing
width of the probability distribution for the different trap sizes. The dashed lines mark the relative temperature
rise in the center of the trap. C Relative depth of the temperature field (∆TAu−∆TCenter)/∆TAu (black) and
relative temperature rise in the center ∆T relCenter = ∆TCenter/∆TAu (red) as a function of the trap diameter in the
plane of the gold structure. Dashed lines show the equivalent data for the plane 300nm above the gold structure.
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trap diameter [µm] ∆TCenter/PHeat [K/mW] ∆U/(STPHeat) [kBT·K/mW]
8 5.4 24.6 (16.9)
10 4.2 25.4 (17.8)
15 2.4 27.4 (19.5)
Table 4.1: Center column: Center temperature rise per heating power for the different trap sizes used for
trapping via feedback-controlled heating calculated from the simulated effective temperature profiles and
∆TAu/PHeat = 29.6K/mW. Right column: Effective trapping potential depth in the plane of the gold structure
per Soret coefficient and heating power. Values in parentheses are for 300nm above the gold film.
4.3.4 Shaping the Trapping Potential
The above discussion showed that the thermophoretic trapping by means of a feedback-loop con-
trolled heating yields a huge gain in efficiency. Although being technically more demanding, in
addition to its higher efficiency, it also has tremendous impact on the methods versatility. The ability
of positioning the heating beam in real-time enables an interactive shaping of temperature gradients
within the trapping region and by that allows for the formation of almost arbitrary effective virtual
trapping potentials. A few examples shall be given in the following.
Point Target Steering particles within the trapping region can be realized by assigning target po-
sitions RT that differ from the center of the trap and may also be time-dependent RT(t). For that
purpose, the simple feedback rule given by Equation 4.18 is extended. The new situation is illus-
trated in Figure 4.29 A. By basic geometrical considerations, one finds the position of the heating
laser beam RL to172
RL = RT+deˆ, with d =−RT · eˆ+
√
R2Trap−|RT|2+ |RT · eˆ|2 (4.20)
the distance and eˆ = R−RT|R−RT| the director pointing from the target RT to the position to heat RL. For
the case that the target coincides with the center of the trap, RT(t) ≡ 0, Equation 4.20 reduces to
Equation 4.18. The resulting effective temperature profile is depicted in Figure 4.29 B. Note, that
the virtual temperature profile appears to be discontinuous due to the different distances to the heat
source for different heating angles φ (see Figure 4.29 A). Hence, the negative temperature gradi-
ent determining the thermal drift still points inwards, but is anisotropic and depends on the heating
angle φ.
The experimental implementation of Equation 4.20 is readily demonstrated by trapping a 200nm
polystyrene bead at different positions within the trap being RT = (0,0), RT = (1.3,0)µm and
RT = (2.6,0)µm. Figure 4.30 A shows the according positional distribution histograms. The shift
towards the gold rim is clearly visible. Histograms over the applied heating angles are given in B.
While the angles are nearly equally distributed for a central trapping, a pronounced anisotropy is
visible for increasing displacements of the target from the trap center. The probability of heating is
lower in regions where the target is closer to the gold rim which is due to the higher drift velocity
driving a particle faster to the target. Hence, even though the particle is trapped closer to the gold
structure, the average temperature remains about the same as for the heating at the center. A re-
maining anisotropy for the central trapping may result from a misaligned gold structure but is mostly
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attributed to a slightly inhomogeneous heating power over the circumference (see Calibration of the
AOD in Section 3.2).
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Figure 4.29: A Schematic illustration for the off-center feedback trapping. The laser beam is placed such,
that a particle at the position R(t), the target RT as well as the laser position RT(t) form a straight line. Note,
that two positions at the gold rim fulfill this criterion, but only the one closer to the particle will lead to a
confinement. The heating angle φ is defined as shown in the Figure. B Effective virtual temperature profile that
is applied due to the feedback heating to trap a particle at the position x = 2.5µm.
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Figure 4.30: A Lateral positional distribution histograms for three different targets being RT = (0,0) (left),
RT = (1.3,0)µm (center) and RT = (2.6,0)µm (right). B Distribution of the applied heating angles φ for the
according targets.
The horizontal line profiles through the positional distribution of Figure 4.30 A, which are plotted in
Figure 4.31 A, still approximately follow Gaussian distributions, yet the standard deviation from the
target position increases from σ= (0.59±0.01)µm for trapping at the center to σ= (0.70±0.01)µm
for the trapping at a target shifted from the center by 2.6µm (Figure 4.31 B). By analyzing the step-
size distribution of the trajectories, the thermophoretic drift velocities can be measured and are shown
for the x direction in Figure 4.31 C. For a trapping at the center, the drift appears to be symmetric
around the center and is positive for negative x coordinates and vice versa. Both, the positive and
the negative branches have the same slope. Although the directions behave analog for the off-center
trapping, the slopes are different on the respective negative (steeper) and positive (shallower) branch,
which is directly related to the higher temperature gradients close to the gold structure, while the
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gradients are less when the gold structure is heated on the opposite side and the distance to the heat
source is longer. Figure 4.31 D presents the corresponding effective trapping potentials calculated
from the positional distribution. Again, the asymmetry for the off-center trapping is visible as the
potentials are steeper on the side that is closer to the gold rim. The effective trapping potentials
resemble effective temperature profiles ∆Ueff/kBT = ST∆Teff, however, without the discontinuity at
the target position. This is expected, since the shape of the effective temperature profile only results
from the applied feedback-rule. At a given point in time, the gold structure is heated only at a single
point producing a single repulsive potential. Hence, the temperature at RT is colder if the distance
to the heat source is larger. The absolute temperature itself then again has no direct influence on the
confinement which is only caused by the temperature gradient via a thermophoretic drift such that a
jump in the effective potential is neither measured nor expected.
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Figure 4.31: A Line profiles of the position distribution in Figure 4.30 for the targets at RT = (0,0) (gray),
RT = (1.3,0)µm (dark red) and RT = (2.6,0)µm (light red) with Gaussian fits. B Width σ of the Gaussian fits
in A. C Thermophoretic drift velocity in x direction. D Effective trapping potentials.
Double Well Target The last paragraph showed the ability to define arbitrary target positions RT for
a particle within the trapping region. Introducing a time dependence to the target position RT =RT(t),
the particle can be steered along an externally scheduled trajectory. Moreover, it is possible to couple
the target to the particle’s real-time position. This shall be demonstrated in the following with the
realization of an effective double well potential. For that, two target positions RT+ and RT− are
defined (see Sketch in Figure 4.32 A). For simplicity, both are chosen to be equally displaced from the
center of the trap along the x axis by |∆xT±|= dT/2, such that the distance between the targets is dT.
The steering of the heating laser beam is then controlled by the feedback rule given by Equation 4.20.
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Which target being used at the time t is decided by the particle position R(t). If the particle is detected
in the positive x space, the gold structure is heated to guide the particle to RT+ and vice versa,
RT(t) =
RT+ if R(t) ·ex > 0RT− if R(t) ·ex < 0. (4.21)
Theoretically, this will result in an effective temperature profile plotted in Figure 4.32 B. Disregarding
the discontinuities in the temperature field, which have no direct influence on the trapping (see last
paragraph), two local minima appear separated by a barrier.
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Figure 4.32: A Scheme illustrating the target positioning to create an effective double well potential.
B Effective temperature profile applied by the feedback-controlled heating beam.
Figure 4.33 presents an experiment, where a 200nm polystyrene bead is trapped in the above-
described double well temperature field for two different separations dT of the targets RT+ and RT−
resulting in a different height of the barrier. While the height of the barrier may be also changed by
adjusting the heating laser power, this would change the shape of the local minima, i.e. the curvature,
as well. Changing the target separation dT practically preserves the curvature of temperature field and
only changes the height of the barrier ∆U .
A typical time trace for the x direction is shown in Figure 4.33 A. The hopping between two states
is clearly visible. The position distribution in B reveals the two preferred regions of the particle at
the target positions. The potential landscape ∆U/kBT = − ln(p/p0) calculated from the position
distribution is plotted in Figure 4.33 C for the x direction. Analyzing the trajectories with a threshold
at x= 0 yields the dwell times that the particles stay in one of the wells. Histograms over the obtained
dwell times are shown in Figure 4.33 D. An exponentially distribution can be seen, except for very
short dwell times τ < 0.5s, where the particle only samples the local proximity of the saddle point,
but does not enter one of the wells. Via an exponential fit, the mean dwell times are measured with
τ= (13.3±2.1)s for the shorter separation of dT = 2.73µm and τ= (19.2±3.6)s for dT = 3.34µm.
The dwell times may be interpreted as first passage times, i.e. the first time the particle reaches the
saddle point while exploring a potential well. For very short dwell times the starting point of the
trajectory is important for the shape of the dwell time distribution. With the starting point after
each transition being the saddle point, the probability of an immediate subsequent transition is high,
whereas the probability for an instant transition vanishes for a hypothetical starting point in the center
of the well.173 On long time scales, however, when the particle practically samples a large fraction
of the potential well, the influence of the starting point is negligible and the distribution obeys an
exponential dependence.
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Figure 4.33: A Cut-out of a typical trajectory (x component). The red trace shows which well the particle is
assigned to after thresholding. B Positional distribution for a target separation of dT = 3.34µm. The green
circle represents the edge of the gold structure. C Effective trapping potential along the x axis for a target
separation of dT = 2.73µm (red) and dT = 3.34µm (black). D Histograms over dwell times (times in between
transitions) for a target separation of dT = 2.73µm (red) and dT = 3.34µm (black). Exponential fits in blue.
Inset Experimental transition rate kexp = 1/τ extracted by the exponential fit of the dwell time histograms vs.
the theoretical prediction according to Equation 4.22.
Figure 4.34: Illustration of the parameters determining the transition rate between the potential wells. ∆U(ai)
denotes the depth of the potential wells with respect to the saddle point and U ′′j (ai) the local curvatures of the
potential landscape with i= 1,2 and j = x,y. The experimental parameters (target positions and heating power)
are chosen such that ∆U(a1)≈ ∆U(a2) and U ′′j (a1)≈U ′′j (a2).
The problem of the mean first passage time, i.e. the mean dwell time or inverse transition rate, di-
rectly leads to the Kramers escape rate, which has been studied since the 1940s. For the particular
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two dimensional potential of the described experiment, the Kramers rate in the overdamped limit
reads174, 175
k2D =
1
τ
=
D
2pikBT
√
U ′′x (a)U ′′y (a) |U ′′x (b)|
U ′′y (b)
· exp
(
− ∆U
kBT
)
, (4.22)
where U ′′j (a) and U
′′
j (b) are the curvatures of the effective potential at the local minimum x = a and
the saddle point x= b in the particular direction j = x,y. ∆U denotes the potential difference between
the minimum and the saddle point. These parameters are illustrated in the scheme of Figure 4.34. The
drag coefficient γ appears within the prefactor but is replaced with γ = kBT/D, since the diffusion
coefficient D is easily extracted from the trajectories. In the experiment, the double well potential are
chosen such, that the potential difference to the saddle point ∆U(a1)≈ ∆U(a2) as well as the curva-
tures U ′′x (a1)≈U ′′x (a2) are approximately the same for both the wells. A summary of the parameters
extracted from the potentials of Figure 4.33 C is given with Table 4.2. Using these parameters to-
gether with Equation 4.22, the theoretically expected transition rates between the potential wells are
calculated and compared to the rates measured with the experiment in the inset of Figure 4.33 D.
Although the values match the diagonal within the error bars, the experimentally obtained rates are
about a factor of 1.3 higher than the theoretical prediction. If this deviation is of systematic nature,
e.g. caused by the thermal non-equilibrium or the virtual potential due to the feedback-trapping, or if
it is due to a lack of statistics can, however, not be judged with the given experimental data.
dT [µm] ∆U(ai) U ′′x (ai) U ′′x (b) U ′′y (ai) U ′′y (b)
2.73 3.8±0.1 4.07±0.15 −6.56±0.38 3.84±0.15 1.96±0.16
3.34 4.5±0.1 3.99±0.14 −6.48±0.32 2.86±0.13 1.13±0.11
Table 4.2: Overview of the parameters characterizing the experimental double well potentials: ∆U in units of
kBT and U ′′ in units of kBT/µm2.
Area Target Oftentimes in experiments there is the aim to keep an object within a certain region,
but measure an unperturbed local property, e.g. the diffusion coefficient to study local viscosity. This
demand may be satisfied by specifying an area target rather than a single point. Due to the radial
symmetry of the gold structure, the realization of a disc-like target is particularly easy.
For that purpose, a certain maximum radial distance to the trapping center Rmax within the trapping
region is defined (critical radius). If the nano-object of interest leaves the inner region such that
|R(t)| > Rmax, the heating laser is set such that the particle is driven back to the central region, i.e.
Equation 4.20 with RT ≡ 0 is used to calculate the heating position RL(t). Once the particle enters
the region where |R(t)| < Rmax, the heating laser is switched off. The by that applied effective
temperature profile is shown in Figure 4.35 A. Temperature gradients are only applied in the outer
region. According to the described feedback rule the particle is at room temperature while being
located in the central region.
The positional distribution of a 200nm polystyrene particle which is trapped within the central region
with radius Rmax = 2.7µm is shown in Figure 4.35 B. The gold structure is heated only if the particle
exceeds the white dashed circle. The resulting effective trapping potential is given in Figure 4.35 C
and appears to be box-like radially symmetric about the center. Analyzing the step size distribution,
it is concluded on the induced thermal drift velocity in radial and tangential direction (Figure 4.35
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D). The tangential component vanished overall since the temperature gradient is applied such that the
target, the particle as well as the heated spot form a straight line, which ensures that no tangential
temperature gradients are present. Strong radial drift velocities up to about 20µm/s are measured in
the outer region with |R(t)|> Rmax = 2.7µm. Below the threshold for |R(t)|< Rmax, a heating of the
gold structure is omitted causing zero drift.
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Figure 4.35: A Effective temperature field applied via the feedback-controlled heating beam to create a box-
like trapping potential. B Positional distribution for FB trapping of a 200nm-diameter polystyrene particle:
the laser beam only heats the gold structure if the particle is located outside a radial distance to the center
of Rmax = 2.7µm, resulting in a disc-like particle distribution. C Effective trapping potential along y axis.
D Measured radial (black) and tangential (gray) thermal drift velocities as a function of the distance to the
trapping center for disc-like positional distribution. Trap diameter dTrap = 10µm.
For the particular experiment presented here, the gold structure is only heated about 6.7% of the time
to keep the particle within the region with |R(t)|< Rmax and only the strongest temperature gradients
near the heated gold structure are used to confine the particle. Note, that the same rms-width of the
position distribution may be achieved by a continuous heating with decreasing the beam intensity.
However, here, the gold structure is not heated at all most of the time, in which the particle’s motion
is free and can be studied under no external perturbations.
Time traces of the on-off periods of the heating laser beam are depicted in Figure 4.36 A for three
different radii Rmax = 1.4µm, Rmax = 2.9µm and Rmax = 4.4µm. Already by eye, it is visible, that a
more frequent heating is necessary if the particle is confined within an area of smaller radius. Also,
the ratio of the total heating time to the time of the time trace decreases for increasing critical radius
as can be seen from Figure 4.36 C. A histogram of the durations that the heating laser is switched off
reveals an exponential decay for times longer than a few seconds. The bin width of the histograms
has been adjusted for each radius Rmax due to a different mean decay time.
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Figure 4.36: A Heating status time traces for three different radii Rmax = 1.4µm (top), Rmax = 2.9µm (center)
and Rmax = 4.4µm (bottom). B Histograms of the off-time durations with fits of Equation 4.23. C Ratio of the
total heating duration to the time of the trajectory. D Diffusion coefficient gained from a fit of Equation 4.23
to the long time tails of the histograms in B. Trap diameter dTrap = 15µm.
The off-time distributions resemble a typical two-dimensional first passage problem. Here, the first
passage time distribution describes the probability that the particle needs a certain time τoff to reach
the circular border of the area |R(t)| < Rmax. The first passage time distribution can be described
by an analytical expression for the case that the particle starts in the center176, 177 (center to edge
diffusion). In the experiment, the first passage time is identified with the laser off-time τoff measured
from the point when the particle enters the circular area |R(t)| < Rmax until it leaved the area again
(edge to edge diffusion). However, numerical simulations performed by Schuster et al.173 showed,
that the long time tail of the first passage time distribution, i.e. for events when the particle explores
a large amount of the inner area |R(t)| < Rmax instead of leaving it immediately, exhibits the same
exponential decay described by
p(τoff) = p0 exp
(
−τoff
τD
)
, (4.23)
where τD = R2max/(α21D) is the characteristic diffusion time with α1 = 2.4 and D being the diffu-
sion coefficient. Fitting Equation 4.23 to the long time tails of the laser off-time distributions in
Figure 4.36 B yields the diffusion coefficient (Figure 4.36 D) of the particle without the need of ana-
lyzing the trajectory of the particle at all.
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Line Target Due to the symmetry of the gold structure, radially symmetric potentials are partic-
ularly easy to realize. Above, trapping at zero and two-dimensional targets has been demonstrated.
A quasi-one-dimensional target may be conceived by defining a minimum distance to the trapping
center Rmin in addition to Rmax. If the particle is located within the region |R(t)| < Rmin, the gold
structure is heated on the opposite side by setting RL to −RL, which induces a positive radial drift
velocity to push the particle towards the outer region. The effective temperature profile along an arbi-
trary axis through the center is shown in Figure 4.37 A. No heating of the gold structure is performed
within Rmin < |R(t)|< Rmax. Setting Rmin = Rmax = Rline creates a quasi-one-dimensional line target
resulting in a Sombrero-like trapping potential.
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Figure 4.37: A Effective temperature field applied via the feedback-controlled heating beam to create a ring-
like trapping potential. B Position distribution of a 200nm PS particle in a 10µm-diameter trap (green dashed
circle) with Rline = 2.3µm. An asymmetry is resulting from a slightly varying heating power along the circum-
ference of the gold structure. C Effective trapping potential along the red line in B. D Induced thermophoretic
drift velocities in radial (black, negative means towards the center) and tangential direction (gray). The dashed
lines in C and D indicate Rline.
Applying the described feedback rule with Rline = 2.3µm in an experiment locates the 200nm
polystyrene particle on a ring-like trace as can be seen from Figure 4.37 B. The positional distribution
shown in Figure 4.37 and appears asymmetric due to an remaining asymmetry in the heating beam
power (see Calibration of the AOD in Section 3.2) that located the particle preferably on one side of
the ring. The effective trapping potential shows a distinct circular minimum at Rline = 2.3µm, which
can be seen from Figure 4.37 C. The slope of the potential in the inner region with |R(t)| < Rline
is shallower resulting from the longer distance to the heat source on the opposite side of the gold
structure. Figure 4.37 D shows the transition from positive to negative radial drift velocity at Rline.
Here, the same argument as for the shallower slope of the potential holds for the positive drift in the
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inner region, which appears slower in its magnitude. As expected, no tangential thermophoretic drift
is measured.
While the latter examples of artificial trapping potential are relatively easy to realize, almost arbitrary
(2D) potentials may be generated on demand by designing more complex criteria where and when
to heat the Au structure with respect to the particle’s position. Also, the heating intensity could be
controlled for particular feedback rules.
4.3.5 Limits of Feedback-Controlled Trapping
Different parameters limit the thermophoretic trapping of small objects. Generally, physical and
chemical properties of the particle-solvent system determine the Soret coefficient. While the Soret
coefficient can certainly be optimized, for example by tuning the composition the solvent, the max-
imum temperature increment that can be exerted to a particle is typically limited, in particular for
biological applications. A limitation of the maximum temperature then again constrains the temper-
ature gradient which can be generated to confine a small object in solution. Otherwise, the trapping
is technically limited by a finite update rate of the optical particle position feedback. In the follow-
ing, the physical limits are discussed considering an instant feedback of the temperature field on the
particles position, i.e. considering a steady-state temperature field, followed by a discussion of the
influence of a finite feedback cycle time in an experiment.
Limitation Considering an Instant Feedback The positional distribution function (PDF) of a par-
ticle within the thermal trap for instant feedback is purely determined by the shape of the temperature
field ∆T and the Soret coefficient ST = DT/D. An approximation of the temperature field in the trap
center with a parabola ∆T ∼ α2 x2+∆TCenter leads to the positional distribution function
pTP(x) = pTP,0 exp(−ST∆T ) = pTP,0 exp
(
− x
2
2σ2TP
)
, (4.24)
exhibiting a width σTP = 1/
√
STα determined by the two counteracting effects being a
diffusive outward drift characterized by D compensated by a thermophoretic inward drift
vT =−DT∇T =−DTαx. The curvature of the temperature field α = α′ ·∆TAu ∝ Pheat thereby is
proportional to the excess temperature at the gold structure and hence the heating power. In simple
words, a particle is efficiently trapped, if the width of the positional distribution, i.e. the probability
distribution function, does not exceed about half the trap size σTP < RTrap/2. However, an overlap of
the PDF with the trap borders leads to a finite probability for a particle to escape from the trap. The
mean time a particle is held within the trap region may be estimated via Kramers escape theory.178, 179
The theory generally relies on thermal equilibrium processes. Here, an inhomogeneous temperature
profile is utilized to trap a nano-object. The relative temperature rise over ambient temperature, how-
ever, is typically weak and in the order of a few Kelvin. Also, in Section 4.3.4 Kramers escape rate
was already successfully applied to the artificial double well potential in the thermal trap. At ambient
temperature T0, Kramers escape rate for the one-dimensional potential landscape sketched in Figure
4.38 reads
k =
D
2pikBT0
[
U
′′
(a)|U ′′(b)|
]1/2
e−
∆U
kBT0 , (4.25)
with
U
′′
(a) =
∂2U
∂x2
|a (4.26)
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and
U
′′
(b) =
∂2U
∂x2
|b (4.27)
being the curvatures of the potential landscape at the minimum (x = a) and the barrier (x = b). ∆U =
U(b)−U(a) describes the potential contrast between the minimum and th barrier. As discussed in
Section 2.2.2, a particle in the thermal trap is driven via a phoretic drift rather than an external body
force. Nevertheless, from the particle’s positional distribution it may be concluded on an effective
trapping potential U(x) = kBT0ST∆T (x) by a comparison to a Boltzmann distribution.
Figure 4.38: Schematic illustration of the parameters used within the present paragraph. The Kramers relation
is applied to thermophoresis, where a temperature well acts as an effective potential well. Curvature of the
potential U ′′(x) in the minimum (x = a) and the local maximum (x = b) corresponds to the curvature of the
temperature field α(x). The depth of the potential ∆U is represented by the contrast in temperature ∆Tmax. Both
parameters influence the escape rate k and the mean trapping duration τ according to Equation 4.28.
The trapping center is identified with the position x = a, whereas x = b represents the temperature
barrier at the gold structure being heated optically. At these positions, the local temperature field may
be in first order approximated by parabolic functions, ∆T (x) = ∆TAuα
′
2 x
2+T0. The curvatures are then
replaced with U
′′
(x) = kBT0STα(x) and accordingly the potential depth with ∆U = kBT0ST∆Tmax =
kBT0ST∆T relmax∆TAu. Inserting the above considerations into Equation 4.25 delivers the mean trapping
time τ or the escape rate k with
τ=
1
k
=
2pi
DT
1
∆TAu
√
α′(a) |α′(b)| e
ST∆T relmax∆TAu . (4.28)
For a given set of parameters α′(a) and α′(b), that means for a fixed shape of the temperature field, the
mean trapping duration of a particle increases exponentially with the Soret coefficient as well as the
depth of the temperature field ∆Tmax. In order to increase the trapping time, thus, it is more beneficial
to increase the Soret coefficient or the depth of the temperature field than tuning the curvatures of the
temperature field.
Figure 4.39 A plots the effective temperature profile produced by a 15µm-diameter trap upon
feedback-controlled heating. The parameters α′ for the particular positions as well as the depth of
the temperature field are given within the plot. Using these parameters, the mean trapping time may
be calculated from Equation 4.28 as a function of the depth of the temperature field and the Soret
coefficient, which is depicted as log(τ/s) in Figure 4.39 B. As can be seen, particles with a Soret
coefficient of order ST ∼ 1K−1 or higher can be virtually trapped forever, even for moderate temper-
ature increments, which was also qualitatively observed, for example, within the experiments of the
4.3 The Feedback-Assisted Thermophoretic Trap 95
Sections 4.3.2 to 4.3.4, which took several hours and were each performed on a single particle. Con-
sidering a typical thermodiffusion coefficient of DT = 1µm2/Ks and a Stokes-Einstein relation for
the diffusion coefficient D= kBT/6piηR, the mean trapping time τ may also be plotted in dependence
on the particle radius R (see Figure 4.39 C).
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Figure 4.39: A Effective temperature profile applied in a 15µm-diameter trap for instant feedback update
in the plane of the gold structure (black) and 300nm above. The temperature profiles are normalized to the
maximum temperature increment at the gold structure. Relative curvatures of the temperature fields are found
by fitting 2nd order polynomials (dashed blue) to the minimum and the temperature wells. The extracted
parameters are used to estimate the mean trapping durations (see B and C) via Equation 4.28. B Logarithm
of the mean trapping time (Equation 4.28) for the parameters extracted from A in dependence on the absolute
maximum temperature increment and the Soret coefficient. C Same as C, but ST = DT/D was replaced with a
typical value DT = 1µm2/Ks and D = kBT/6piηR to plot log(τ) in dependence on the particle radius R.
For a depth of the temperature field of ∆Tmax ∼ 40K, which leads to a temperature rise in the trap
center of about ∆TCenter ∼ 3K for a 15µm-diameter trap, an R∼ 50nm particle is trapped with a mean
trapping duration of τ∼ 104 s.
Influence of a Finite Feedback Cycle Time The influence of the feedback cycle time on the trap-
ping is readily checked with an experiment. A 200nm polystyrene particle is trapped in a 10µm-
diameter trap at a constant heating laser power of PHeat = 5mW for an increasing feedback cycle
times (i.e. a decreasing update rate), which coincide with the frame time of the CCD camera. The
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particle’s trajectory for each exposure time is analyzed and the rms-displacement from the trapping
center is plotted in Figure 4.40 (squares). As it turns out, the positional distribution width rises
approximately linear with increasing feedback cycle time σ ∝ τFB.
In a simple consideration, the broadening may result from the Brownian motion of the particle during
the feedback cycle time, given by σFB =
√
4DτFB. Hence, additionally to the width that is given by
the steady-state temperature field, the position distribution should spread with
√
τFB. This argument
was given by Cohen and Moerner for the ABEL trap.47 The trapping scheme is analogue, but the
driving force is different (temperature gradient instead of electric field). However, the dependence
does not match the experimental data, such that the spread cannot solely be attributed to the Brownian
motion within a feedback period. The argument fully neglects the deterministic drift exerted by the
trap.
In 2012, Jun and Bechhoefer published a theoretical description of feedback traps utilizing virtual
potentials.171 Herein, in the simplest case of no feedback delay, the width steady-state position
distribution in a virtual harmonic potential is found in dependence of the feedback cycle time τexp
with the expression 〈
x2
〉
=
2DτFB
β(2−β) , (4.29)
where β = τFBk/γ denotes the feedback gain and γ = 6piηR the Stokes friction coefficient.
Equation 4.29 converges to the width predicted by the equipartition theorem
〈
x2
〉
= kBT/k for β 1,
but diverges for β= 2 due to an overshooting over the target. In addition to τexp, it is also considered
that the feedback update exhibits a certain delay described by the delay time τdelay. A finite delay
leads to an additional broadening of the position distribution. A corresponding analytical expression
is found for the case that τdelay = τFB,171〈
x2
〉
= 2DτFB
1+β
β(1−β)(2+β) . (4.30)
The latter relation also converges to the equipartition width for small β, but diverges already at
β = 1. Equations 4.29 and 4.30 are plotted in Figure 4.40 A for the experimental parameters
(k = 35.8fN/µm, D = 1.21µm2/s) in red and black, respectively. In the experiment, the feedback
delay is measured to τdelay = 10.9ms and is independent of the feedback cycle time. Hence, the ratio
τdelay/τFB is about unity for the fastest update rate, but decreases with longer feedback cycle times
(Figure 4.40 B). Accordingly, the experimental data should match the black curve for short cycle
times but approach the red curve for longer times. This qualitatively behavior is indeed found. The
skipping between the regimes lead to a linear dependence by coincidence. Yet, the experimental data
still seems to be close to the black curve, which diverges at β= 1. Hence, at the slowest update rate
measured with β> 0.6, an overshooting over the target should be already present. Over-compensation
of the particle’s positional fluctuation is visible in the power spectrum as a pronounced resonance.
However, no signature of overshooting is found in the power spectra as can be seen from Figure 4.40
C.
The additional broadening in the width is interpreted such, that a tangential thermophoretic drift
drives the particle not directly towards the target, leading to a broader position distribution. This
effect is not covered by the theoretical description in the description of Jun and Bechhoefer.171 A
finite tangential component may result due to the Brownian motion of the particle, which drives the
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particle away from the target-laser line (see Figure 4.41 A, dashed line). Due to the radially decaying
temperature field, once the particle left this line, it experiences a tangential temperature gradient
additionally to the radial gradient that is intended to drive the particle towards the center. This effect
is not expected for the ABEL trap, where a constant electric field along the particle-target direction
is generated within the trapping region. Hence, no or very little tangential component is produced.
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Figure 4.40: Trapping of a single 200nm PS bead for increasing feedback cycle time τFB at a heating laser
power PHeat = 5mW. A Sdev-width of the position distribution for increasing τFB, i.e. decreasing update rate,
for heating of a single spot (ϑ = 0). Upper axis: feedback gain β = τFBk/γ. Theory curves calculated from
Equation 4.29 (red) and 4.30 (black). B Ratio of delay time τdelay and feedback cycle time versus feedback
cycle time τFB (i.e. the exposure time). C Power spectral density of the particle’s motion for different τFB
(10ms (black) to 80ms (red)). No signature of over-compensation (resonant peak) is visible. D Same as in A,
but for the heating of an angular region of ϑ = 90◦. For comparison, the data of A is shown again with low
opacity.
This effect may also be diminished for the thermophoretic trap. For that purpose, the effective tem-
perature field is redesigned in the following way. Instead of illuminating a single spot at the gold
structure (see Figure 4.41 A and C), a certain angular region is heated as shown in Figure 4.41 B,
which is achieved by a fast steering of the laser beam along the angular interval [φ+ϑ/2,φ+ϑ/2].
The simulated temperature profiles induced by such a heating scheme are plotted in Figure 4.41 D
for ϑ= 90◦. For the purpose of trapping, a temperature gradient is only favorable in radial direction,
i.e. along the dashed line in Figure 4.41 C and D. The red curves in Figures 4.41 F and G present the
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temperature and temperature gradient profiles along the red line in C. Due to the effective point heat
source, the particle experiences also tangential temperature gradients once it leaves the dashed line
(e.g. due to Brownian motion before the laser position is updated after τFB) driving the particle past
the target.
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Figure 4.41: A Conventional feedback heating scheme. A single diffraction limited spot is heated according to
Equation 4.20. B By steering the focused laser beam along the circumference of the gold structure, an angular
region [φ−ϑ/2,φ+ϑ/2] can be heated to avoid tangential temperature gradients. C Simulated temperature
map for the heating of a single spot (i.e. ϑ = 0◦) at φ = 0◦, normalized to the maximum temperature ∆TAu.
D Temperature map for the heating of an angular region with φ = 0◦ and ϑ = 90◦. The temperature field is
normalized such, that the temperature in the trap center matches with the center temperature in C (central black
dots). At this position, the distance to the heat source in both cases is the same. The heating of the broad region
with the same power leads on average to a decreased maximum temperature. E Line profile of the relative
temperature rise along the dashed lines in C and D (radial direction). F Line profile of the relative temperature
rise along the vertical lines in C and D (tangential direction). G Relative temperature gradient along the vertical
lines in C and D (tangential direction).
Heating of an angular region as shown in Figure 4.41 D straightens the temperature profile within the
trapping region compared to the point source as can be seen already from the iso-temperature contour
lines. A direct comparison of the temperature profiles and gradients are given in Figure 4.41 E (radial
direction), F and G (tangential direction). Obviously, due to the spatial distribution of the heating
laser beam, the effective temperature rise at the gold structure decreases to 61% of the instantaneous
temperature rise of the gold structure (compare color scales in C and D and see E). That also leads to
a diminished radial temperature gradient and results in a decreased effective curvature of the tempera-
ture field and therefore to a lower trapping stiffness k. However, the unwanted tangential temperature
gradients are effectively reduced (see G).
In the experiment, the combination of these two effects can be seen in Figure 4.40 D, where the
dependence of the positional distribution width on the feedback cycle time is plotted for the heating
of an angular region. The black and red curve again represent the calculations from Equations 4.29
(τdelay = 0) and 4.30 (τdelay = τFB). For comparison, the data for the single-spot heating of Figure 4.40
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A is shown faded in the background. While the diffusion coefficient D and the τdelay are the same,
the effective force constant k decreases for the angular heating, resulting in a shallower slope of the
width σ with β, even without considering a tangential drift (compare theory curves in Figure 4.40 D
for ϑ = 0◦ and ϑ = 90◦). Also, an increased width for zero cycle time is recognized (σ ∝ k−1/2 for
τFB = 0, equipartition limit). Due to the suppression of the tangential component of the thermal drift,
the data points converge significantly faster to the red curve for large feedback cycle times, where the
ratio τdelay/τFB is small and the feedback delay is thus negligible.
The two experimental data sets show an intersection at a feedback cycle time of about τFB = 30ms
corresponding to a feedback gain of about β ∼ 0.28, which is caused both by the decreased force
constant k reducing a potential over-compensation and the suppression of the tangential thermal drift
driving the particle past the target. Hence, for slow feedback update rates it can be beneficial to heat
an angular region instead of a single spot on the gold structure.
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Figure 4.42: Trapping of single 28nm-diameter polystyrene beads in a dTrap = 15µm gold structure. A Extract
of the time trace (x and y position) showing two typical trapping events. B Positional distribution averaged
over all 113 measured trapping events showing an rms displacement of the beads from the trap center of σ =
(1.61± 0.08)µm. C Temperature profile reconstructed from the position distribution. Comparing the data to
the theoretically expected temperature profile yields an ensemble-averaged Soret coefficient of ST = 0.13K−1.
D Histogram over the duration of the single trapping events with exponential fit yielding a mean trapping
duration of τ= (14.6±1.9)s.
The smallest particles tested with the thermophoretic feedback trap are polystyrene nanobeads of
28nm diameter. A 15µm-diameter trap structure was used at a constant heating power of Pheat =
6.0mW. The focused laser beam heats an angular region of ϑ= 60◦ as explained above. Due to fast
Brownian motion, particles may escape the trap after a certain trapping duration. If a particle escapes,
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the feedback stops and the heating is switched off automatically until a particle by chance enters the
trap again, which reactivates the feedback-controlled heating. Figure 4.42 A shows the time trace
of two subsequent trapping events. A line profile of the positional distribution of the beads within
the trapping region is given in Figure 4.42 B, which shows a sdev-width of σ = (1.61± 0.08)µm.
Reconstructing the temperature profile from the positional distribution yields an ensemble-averaged
Soret coefficient of ST = 0.13K−1 and an average temperature rise of the trapped beads of about 20K
(see Figure 4.42 C). By monitoring 113 trapping events, a mean trapping duration of τ=(14.6±1.9)s
is measured. The measured Soret coefficient compares to that of ssDNA and dsDNA oligonucleotides
of a about hundred base pairs in length, depending on the buffer condition.57, 59
Apart from the finite feedback cycle and delay time, additional technical aspects limit the trapping
of small or weakly fluorescent objects. Blinking may occur in the case of single quantum dots or
molecules (used for labeling), but was no issue with the experiments presented here. Bleaching ulti-
mately limits the trapping duration as the real-time position tracking is indispensable for the update
of the feedback. Tracking accuracy is shot-noise-limited ∆x = ∆xpsf/
√
n, where ∆xpsf denoted the
diffraction-limited image size of the trapped object, as it increases with the number of collected pho-
tons n. A low accuracy further broadens the positional distribution of the particle in the trap leading
to a higher escape probability. Even if a sufficient amount of photons is provided by the fluorescent
object (as is the case of dye-doped polystyrene particles), the signal-to-noise or signal-to-background
ratio is decreased by fluorescence of the gold structure upon the optical heating. Experimentally,
the latter aspects could be addressed by modifying the detection scheme. A spectral separation of
the laser beams responsible for the excitation of fluorescence of the trapped object and the heating
the metal structure would be beneficial to minimize the fluorescence background and bleaching, im-
proving both the tracking accuracy as well as the mean trapping duration. The feedback latency is
determined by the time that is needed to acquire and analyze a particular frame. A faster acquisition of
the particle or molecule position could be realized using a beam-steering-based detection controlled
by a field-programmable gate array as is used in modern ABEL traps.49–51 Ultimately, the feedback
update rate is limited by the time scale to establish the temperature profile, i.e. by the heat diffusion
in the solvent (see Section 2.4.3). Assuming an instant feedback, the trapping duration is physically
limited by the maximum amount of heat that can be brought into the system depending, for example,
on the damage threshold in a particular application.
4.3.6 Feedback-Controlled Trapping Above a Plain Gold Film
Already in Section 4.2.5 the question was raised if the gold structure is at all needed for a stable
trapping. Oftentimes, water is heated within microscopic regions of a sample by a focused infrared
laser beam.59, 63, 65, 77 While such a laser is not available in the trapping setup used, the direct heating
of the water may be mimicked by heating a plain gold film in the same way as done in Section 4.2.5,
where the quasi-steady heating scheme was tested. Here, it is shown, that for the feedback heating
scheme a particle can be trapped without a gold structure. Advantages and disadvantages over the
gold-structure-based trap are discussed.
Figure 4.43 A shows simulated temperature profiles for the case that a circular hole in the gold film
is present and a site close to the circumference is heated by a focused laser beam (black). Also, the
figure plots the equivalent temperature profiles where the gold film is heated without a hole structure
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present. The differently colored curves correspond to an increasing distance to the defined trapping
center (in the following also referred to as laser radius).
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Figure 4.43: Feedback trapping above a plain gold structure. A Simulated temperature profiles along the line
connecting the trapping center and the position of the heating beam (maximum temperature). All temperatures
appear normalized to the maximum temperature rise at the gold structure ∆TAu. The colored curves show the
relative temperature profiles for increasing radius of the heating laser circle. The black curve represents the
profile for the case that a hole of 10µm diameter is present in the gold film. B Relative center temperature
rise (right axis) in dependence on the laser trace radius. The left axis represents the absolute temperature rise
for the experiment presented. The color encodes the laser trace radius used in A. The red dot corresponds to
the temperature profile through the conventional gold structure (black curve in A). The dashed line shows an
exponential fit, as the ∆TCenter approaches zero (ambient temperature) for large laser rotation radii. C Same as
in B but for the relative temperature gradient close to the trap center.
As can be clearly seen, the decay of the temperature field into the trapping region in the case where
the hole is present (black) is much stronger than for the plain gold film, because of the sharp border
between an absorbing (gold) to a non-absorbing (water) material. This leads to a stronger aver-
age temperature gradient as well as a lower excess temperature in the center as can be seen from
Figure 4.43 B. For the same distance of the laser beam from the center of the trap, the center temper-
ature rise is almost halved in the case of a 10µm-diameter hole structure. For increasing distances
of the laser spot, the temperature rise in the center decreases and ultimately converges to ambient
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temperature (not shown). The blue dashed line represents an empiric exponential fit. The normalized
temperature gradient close to the trapping center decreases with increasing laser radius in the case
of the plain gold film as well (Figure 4.43 C). According to the simulated temperature profiles, the
gradient produced by the plain gold film is even higher than for the gold structure for comparable
laser radii. The expected gradient for the heating of the gold structure of 10µm-diameter (red dot)
is equivalent to the gradient produced by a plain gold film for a laser radius of about 8.6µm laser
radius. Remember, that the center temperature rise is significantly higher in any case.
Experimental data of the trapping of a 200nm-diameter polystyrene bead are presented in Figure 4.44.
The colloid first is trapped in a 10µm-diameter hole structure by feedback-controlled heating. Sub-
sequently, by means of the piezo translation stage, the trapped particle was driven with activated
feedback into a region, where no hole was in the near proximity but only a plain gold film, which en-
sures that the temperature field is not distorted. The heating power has been kept constant throughout
the experiment at Pheat = 3.0mW. The sdev-width of the measured particle distribution is shown in
Figure 4.44 A, in red for the trapping in the conventional gold structure and in black for the trapping
above the plain gold film. The width for the plain gold film trapping increases approximately linear
with the laser radius due to the decreasing temperature gradient. For all measured radii, the width
is broader than for the trapping in the conventional gold structure. Since the trapping is driven by
the temperature gradient, from Figure 4.43 C one would suggest that the width of the gold-structure-
assisted trapping is in between the data for the trapping above the gold film, which is not the case in
the experiment.
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Figure 4.44: Feedback trapping of a 200nm PS bead above a plain gold structure at a feedback update rate of
100Hz. A rms displacement of the bead from the trap center (width of the position distribution) for a feedback-
controlled heating of the gold structure (Pheat = 3.0mW) for increasing radius of the heating laser circle. The
red data point represents the width of the same particle trapped in a hole in the gold film. B Diffusion coefficient
in dependence on the laser trace radius fitted by an empirical exponential function. Again, the red data point
corresponds to a trapping using a hole in the gold film. Inset: Diffusion coefficient plotted versus the center
temperature rise ∆TCenter calculated from the simulations of Figure 4.43 with ∆TAu/Pheat ≈ 29K/mW (see
Section 4.3.3). The dashed line represents a linear fit.
The characteristics of the center temperature rise is directly related to the diffusion coefficient. The
trend of the diffusion coefficient obtained from a step-size analysis of the trajectories is given in Fig-
ure 4.44 B. The decrease is correlated with the decreasing center temperature rise for increasing laser
radius. The inset plots the diffusion coefficient versus the expected excess temperature in the center
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and shows approximately a linear relation which is expected within the relative small temperature
range (see Figures 4.7 and 4.27). The diffusion coefficient for the gold structure trapping (red dot)
is obviously higher. An expected lower center temperature, however, would lead to a lower diffusion
coefficient. Also the narrower position distribution contradicts the higher diffusion coefficient, which
would lead to a broader distribution since σ∝ 1/
√
ST ∝
√
D. This inconsistency is explained with the
changed environment. Despite the heating power has been kept constant, the temperature rise for the
heating of the plain gold film could be less due to a decreased plasmon excitation when no edge in the
gold film is present. Hence, the temperature is lower than expected above, explaining an increased
width. Additionally, at a lower center temperature, the mean diffusion coefficient decreases, which
matches to the experimental finding. Also, a thinner water film (due to additional gold film, thickness
may also vary over the sample) may lead to a secondary decrease in the diffusion coefficient due to
stronger friction.
Although a quantitative comparison to the trapping in a conventional gold structure is obviously not
trivial due to the change in the absorption properties, the data showed that a feedback trapping above
a plain gold structure is possible without further changes in the setup. The experimental data well
matches the theoretical expectations. The temperature in the center of the trap is higher than for the
gold-structure-assisted trapping, which limits the heating power that can be applied and is possibly
unwanted in most applications. However, if a broader position distribution is not obstructive in a
particular application, this simpler version of the feedback trap is readily integrated in existing setups
that comprise a beam-steering unit. A direct heating of the solvent instead of a gold-structure-assisted
heating could also open the possibility for a 3D thermophoretic trap in solution. The feedback-
controlled driving of the heating beam on a circle could then be expanded to a sphere by employing
a 3D beam steering unit.
4.3.7 Trapping of Multiple Objects
Studying the interaction of micro- and nanoscopic objects is of growing importance for soft mat-
ter sciences. Via well-established trapping methods, typically, either a single particle is trapped or
particles/molecules are accumulated in a certain spatial region. Achieving a confinement of a small
defined number of particles or molecules is yet not trivial. However, a trapping of a well-defined small
amount of particles (e.g. two or three) could mimic high concentrations to ensure frequent molecular
encounters, while still working at the single molecule level. The most common trapping technique,
i.e. optical tweezing, exerts an attractive potential (gradient force) to the objects present in solution.
Trapping a single particle practically means to dilute the particle concentration of the solution to en-
sure that its unlikely to trap several particles. In order to trap for instance two particles, one would
need to increase the concentration, but then again it becomes likely that a third particle is attracted
to the trapping volume as well. That means, while an optical trap is in principle capable of trapping
several objects, it is hard to control the exact quantity of particles as the potential is purely attractive.
Exploiting a feedback trap reacting to several particles may help to control their number. Therefore,
each particle needs to be detected and addressed by a driving force field individually. While it is
certainly possible to track the position of several particles, it is however hardly possible to address
different objects with the conventional electrode geometry in an ABEL trap, as the applied electric
field is homogeneous. Hence, the same drift is exerted to all particles in the trapping region and no in-
dividual net inward drift can be produced. It has been shown that an arrangement of many electrodes
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together with a advanced feedback algorithm can be used to create electric fields of higher modes,
which are then able to independently address different particles within the trapping region180, 181 by
complex feedback algorithms.182
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Figure 4.45: A Sketch illustrating the parameters important for multi-particle trapping: Two particles (red
dots) at positions R1(t) and R2(t) are trapped by heating two positions of the gold structure RL1(t) and RL2(t)
(green dots) according to Equation 4.20. The corresponding heating angle φ is measured counter clock-wise
from the x-axis. B Simulated temperature maps in the plane of the gold structure normalized to the maximum
temperature. Left: Single heated spot at φ = 90◦. Center: Two heated spots at φ = 90◦ and φ = −90◦. Right:
Two heated spots at φ = 0◦ and φ = 90◦. The dashed circles represent the edges of the gold structure. C
Relative temperature rise along the edge of the gold structure for the three cases shown in B (see color coding).
D Relative temperature rise along the dashed lines in B. Inset: Relative temperature gradient in x direction
along dashed lines in B.
The thermophoretic trap by design features strongly localized and thus inhomogeneous temperature
fields. A particle close to the heat source is therefore more affected by the heating beam and ex-
periences a stronger temperature gradient than a particle which is farther away. This allows for the
usage of several focused laser beams to address different particles within the trapping region. The
sketch in Figure 4.45 A illustrates the feedback scheme that is used to trap two single particles in
the thermophoretic trap. Consider two particles (red dots) being located at the positions R1(t) and
R2(t). Both shall be driven to the target at RT. In order to do so, two focused laser beams illuminate
the gold structure at the positions RL1(t) and RL2(t) according to Equation 4.20. Simulated temper-
ature maps of two example configurations of the two beams are shown as heat maps in Figure 4.45
B (center and right) in comparison to the temperature field produced by a single laser spot (left).
Figure 4.45 C presents the angular distribution of the excess temperature along the circumference of
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the gold structure, which is indicated as dashes lines in B. For both the configurations of the laser
beams ∆φ= 180◦ and ∆φ= 90◦, the temperature maximums are well-separated despite the high ther-
mal conductivity of the gold structure. For smaller ∆φ, the two spots merge, but that means that the
two particles shall be driven into approximately the same direction anyway. Vertical line profiles
along the dashed black lines in temperature maps of B are shown in Figure 4.45 D. For ∆φ = 180◦
(yellow), the gold structure is heated on opposite sides. Hence, the temperature profile shows two
maximums at the corresponding spots of the gold structure and a distinct minimum in the center. The
center temperature increment ∆TCenter/∆TAu increases from 8% in the case that a single spot is heated
to 16% for the case a dual beam heating. Accordingly, the relative temperature contrast determining
the depth of the effective trapping potential decreases slightly to 84% compared to 92% for a single
heated spot. These two parameters are independent of the particular configurations of the two heating
beams. However, the case where the particles are on one line with the center is special, as this leads to
a configurations of the laser beam which only produce radial components driving both particles to the
center. In all other cases, a cross talk is induced, since a heating at RL1 will influence the particle at
R2 and vise versa. From the Inset in Figure 4.45 D it can be seen that in the case of ∆φ= 90◦ (green)
an additional temperature gradient is present in x direction perturbing the particle that shall be driven
by the laser beam at φ= 90. Note, that for a typically positive Soret coefficient, the temperature field
in any case effectively produces a repulsive potential to the environment. Thus, outside particles are
kept away from the trapping region such that it is unlikely for an unwanted particle to enter the trap.
While the above described perturbation could be certainly balanced with a dedicated change in
the feedback algorithm, it is neglected in the experiments that will be presented in the following.
Figure 4.46 gives snapshots of a dataset, where two 200nm-diameter polystyrene colloids (central
bright spots) are trapped in a 15µm-diameter gold structure (green dashed circle). The heated spots
at the gold structure can be seen as bright spots outside the green circle caused by the fluorescence
of the gold film upon illumination by the focused laser beam. In the used setup, only a single heating
beam is available but can be steered rapidly between the two spots due to the fast access time of the
acousto-optic deflector (τAOD ≈ 14µs) compared to the inverse feedback update rate τFB = 11ms.
The beam is switched between the positions RL1(t) and RL2(t) every 200µs to distribute the power
homogeneously between the two spots over the duration of one feedback cycle τFB.
The snapshots presented in Figure 4.46 A are for a continuous heating by the laser beam (point target),
only the positions RL1(t) and RL2(t) are updated. As will be seen later, this trapping scheme leads
approximately to an effective harmonic-like trapping potential similar to the equivalent single particle
trapping scheme. The three typical frames of the acquired movie show different configurations of the
heating beams according to the positions of the particles: from opposite directions (left), ∆φ ≈ 60◦
(center) and a heating from practically the same direction with a small ∆φ (right).
An effective box-like potential can be realized employing the area-target trapping mode (intermitted
heating) as described in Section 4.3.4. Therefore, the gold structure is only heated to drive the par-
ticular particle if it leaves a certain central area within the trapping region, marked by red circles in
Figure 4.46 B. This mode could be of particular interest for keeping two or more particles close to
each other on the one hand, but study their dynamics in an unperturbed environment on the other
hand, in particular without the heating beams. The three pictures present the three scenarios, where
either both particles are located within the central region (left), one particle is within the red circle
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while the other particle overcomes the critical radius and is driven back, or, both particles leave the
central region and are thus driven back by both the laser beams being switched on.
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Figure 4.46: Feedback trapping of two polystyrene beads in a dTrap = 15µm-diameter trap (green circle). A
Three typical snapshots for continuous (harmonic-like potential) illustrating the different heating beam config-
urations. Heating from opposite directions with ∆φ ≈ 180◦ (left), ∆φ ≈ 60◦ (center) and from about the same
direction with a small ∆φ. B Feedback trapping of two particles for intermitted heating (box-like potential)
with RMax = 3.9µm (red circle). Left: Both heating beams are switched off as R1(t)< RMax and R2(t)< RMax.
Center: One particle is located beyond R1(t) > RMax and thus driven back to the central region. Right: Both
particles are driven back to the center by the laser beams. The beam power is equally distributed to both the
heating beams.
Figure 4.47 A shows the positional distributions for the trapping of a single particle (SP) for
Pheat = 3.0mW (top) and Pheat = 1.5mW (center) as well as two particles (MP) with the point target
(bottom), where the heating power Pheat = 3.0mW is distributed to both the laser beams. The single
particle distributions show a width of σSP,harm = (0.76± 0.01)µm and σSP,harm = (1.26± 0.01)µm
for half the power. The width for the two-particle trapping distribution is expected to be as for half
the heating power of the single particle trapping, since the full power is distributed to two beams.
The perturbation due to the cross talk that was described above could lead to a broadening. Interest-
ingly, the measured value for the rms-displacement of σMP,harm = (1.23±0.01)µm is slightly below
the single-particle value for 1.5mW heating power. The reason becomes clear when looking at the
effective potentials calculated from the positional distributions via ∆U/kBT =− ln(p/p0) plotted in
Figure 4.47 B. While the potentials for SP (black for Pheat = 1.5mW) and MP (red) trapping ap-
proximately match in the center, the MP potential tightens in the outer region and is in between the
1.5mW and 3.0mW (grey) curves of the SP potentials. This can be explained when considering the
different configurations shown in Figure 4.46 A. While the MP potential in the outer region does not
significantly differ from the SP potential for large ∆φ (see temperature fields in Figure 4.45 D), the
heating power effectively doubles for configurations with small ∆φ leading to a higher temperature
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gradient. These events thus lead to the tightening of the effective potential and the smaller width in
the position distribution. A slight broadening in the central region (hardly visible in Figure 4.47 B) is
attributed to the mentioned cross talk as well as a higher center temperature rise as compared to the
single particle trapping at Pheat = 1.5mW enhancing Brownian motion. With the discussed deviation
from the single-particle potentials, the effective two-particle potential is approximately harmonic (see
fit in Figure 4.47 B) with an effective stiffness of κMP,harm = (2.59±0.04) fN/µm.
The heat maps in Figures 4.47 C plot the corresponding positional distributions for the area tar-
get, both for a heating power of Pheat = 3.0mW. The distributions in both cases are flat as ex-
pected. The width, which is essentially determined with the adjusted critical radius RMax = 3.9µm
slightly increases from σSP,box = (2.08± 0.01)µm for the trapping of a single particle to σMP,box =
(2.31±0.01)µm in the case that two particles are trapped, which is due to the decreased temperature
gradients in the case that both the particles are outside RMax and the heating power is distributed
to both beams. The heating time ratio τHeatingOn/τExp increases from 13.4% for the SP trapping to
24.4% for MP trapping. Still, both beams are switched off in about 75% of the trapping time, where
the interaction of the particle may be studied without a thermal perturbation.
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Figure 4.47: A Left: Position distribution maps for the feedback trapping of a single 200nm PS bead for a
heating power of Pheat = 3.0mW and a feedback update rate of 100Hz. Center: Same for Pheat = 1.5mW.
Right: Position distribution maps for two 200nm PS beads (continuous heating) at a heating power of Pheat =
1.5mW per heating beam. B Effective trapping potentials calculated from the position distributions in A via
∆U/kBT =− ln(p/p0) for the single particle trapping in gray (Pheat = 3.0mW) and black (Pheat = 1.5mW).
Same for the trapping of two beads in red with a 2nd-order polynomial fit. C Position distribution maps for the
feedback trapping of a single 200nm PS bead (left) for a heating power of Pheat = 3.0mW and a feedback update
rate of 100Hz for intermitted beating (critical radius RMax = 3.9µm indicated by the red circle) and for two
PS particles (right) at Pheat = 1.5mW per beam. D Histograms over the interparticle distances d = R2−R1 for
continuous (harmonic-like potential, red) and intermitted heating (box-like potential, orange). Trap diameter
dTrap = 15µm.
Figures 4.47 D shows the probability density to find a certain interparticle distance for the continuous
(red) as well as the intermitted heating (orange). Since the position distributions are symmetric around
the trapping center with 〈R1〉= 〈R2〉= 0, also the average (signed) distance 〈d〉= 〈R2−R1〉 cancels.
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Therefore, it makes sense to measure the root mean square (rms) distance drms =
√
〈d2〉 in between
the particles, which may be traced back to the width of the positional distribution via〈
d2
〉
=
〈
(R2−R1)2
〉
=
〈
R22
〉
+
〈
R21
〉−2〈R1 ·R2〉 . (4.31)
The first two terms are directly connected to the width of the positional distribution〈
R21
〉
=
〈
R22
〉
=
〈
x21,2
〉
+
〈
y21,2
〉
= 2σ2MP. The last term will disappear if the particle positions R1
and R2 are fully independent of each other. This is, however, not the case since two laser beams
are employed for the trapping which are connected to the particle positions via the optical feedback.
Figure 4.48 A shows the correlation functions 〈R1(t+ τ) ·R2(t)〉 for the harmonic-like potential (red)
and the box potential (orange). In both cases, a distinct negative correlation is visible, which decays
with a correlation time of τharm = (1.68±0.03)s for the harmonic potential and τbox = (4.9±0.2)s
for the box potential. That means, that the particles are artificially coupled by the laser beams. If the
particles are located on the same side with respect to the trap center (small ∆φ, as e.g. in Figure 4.46 A
right hand side), both the heating beams are located near each other and effectively twice the temper-
ature gradient is exerted to the particles due to the higher induced temperature. Thus, the particles
are faster driven to the center than in the case where the particles are located in opposite directions
(∆φ∼ 180◦, see e.g. Figure 4.46 A left hand side). This on average increases the probability that the
particles are located on opposite directions with respect to the center explaining the negative correla-
tion. Since the relaxation of the particle positions in the box potential is purely governed to Brownian
motion once the heating beams are switched off, the correlation times are much longer as compared
to the harmonic potential, where the particles are actively driven towards the center.
With the cross term being the correlation function for τ= 0 and the measured widths of the positional
distributions, a value of drmsharm = (3.10±0.06)µm is expected from Equation 4.31 for the continuous
heating mode, whereas a value of drmsharm = (3.19±0.07)µm is measured directly analyzing the trajec-
tories. Similarly, for the two particles trapped in the box potential, the positional distribution and the
cross term deliver a rms distance of drmsbox = (5.17±0.08)µm again matching the measured value with
drmsbox = (5.25± 0.16)µm. The slightly larger values may be attributed to the fact that interparticle
distances smaller than a few 100nm cannot be detected by the used particle tracking method (see
histograms in Figure 4.47 D) due to the finite spot size in the movies. The lack of small distances,
introduces a bias to the averaging and thus broadens the apparent rms distance.
Finally, it shall be turned towards the dynamics of the particles. In the following the motion of the
particles relative to each other ∆RIP = ∆R2−∆R1 shall be investigated. In the same way as for the
interparticle distance, it is useful to look at the rms interparticle step ∆RrmsIP =
√〈
∆R2IP
〉
, which leads
to the following expression〈
∆R2IP
〉
=
〈
(∆R2−∆R1)2
〉
=
〈
∆R22
〉
+
〈
∆R21
〉−2〈∆R1 ·∆R2〉 . (4.32)
The first two terms describe the mean squared displacement of the single particles due to Brown-
ian motion with
〈
∆R21
〉
=
〈
∆R22
〉
= 4Dτ. The last term is a measure for the instantaneous corre-
lation of the particle steps. A positive value signifies that the particle on average move together
in the same direction. A negative value corresponds to an average motion of the particles either
towards or apart each other as both the direction lead to the same sign. Interaction of the parti-
cles are expected at the length scale of the Debye length, which is smaller than 100nm even for
low ion concentrations used in the experiments. There is, thus, no physical interaction expected at
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the distances being accessible here. Any measured interaction would be introduced artificially by
the feedback-controlled position of both the laser beam introducing a cross talk between the parti-
cles. Figure 4.48 B shows the correlation functions of the interparticle steps 〈∆R1(t+ τ) ·∆R2(t)〉
for the harmonic-like potential (red) and the box potential (orange). While the absolute positions
of the particles are correlated (see Figure 4.48 A), no correlation is detectable for the relative move-
ment, which is why the last term in equation 4.32 disappears. Therefore, Equation 4.32 reduces to〈
∆R2IP
〉
=
〈
∆R22
〉
+
〈
∆R21
〉
= 8Dτ≡ 4DIPτ and, thus, in the frame of one of the particles, a diffusion
coefficient DIP = 2D is measured which is twice as high as the diffusion coefficient of a single parti-
cle (SP). Indeed, analyzing the step sizes of the particles yields a SP diffusion coefficient of Dharm =
(1.12±0.02)µm2/s, while the interparticle coefficient is DIP,harm = (2.16±0.04)µm2/s for the con-
tinuous heating mode. The diffusion coefficients for the intermittent heating modes (effective box
potential) are Dbox = (1.02±0.02)µm2/s for the single particles and DIP,harm = (2.05±0.04)µm2/s
for the particles relative to each other. As expected, for both the heating schemes, the interparticle
diffusion is twice as fast as for the single particles. Note, that diffusion coefficients for the box poten-
tial appears to be lower due to the lower average temperature rise of the particles, since the heating
beam is switched off in about 75% of the time.
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Figure 4.48: A Cross correlation of the particle positions R1(t) and R2(t) for continuous (harmonic-like
potential, red) and intermitted heating (box-like potential, orange). B Cross correlation of the particle steps
∆R1(t) = R1(t+τET)−R1(t) and ∆R2(t) = R2(t+τET)−R2(t) for continuous (harmonic-like potential, red)
and intermitted heating (box-like potential, orange) with τET being the exposure time of the CCD.
To further study the relative motion of the particles, the particle step ∆R1(t) = R1(t+τET)−R1(t) is
projected on the director e12(t)= R2(t)−R1(t)|R2(t)−R1(t)| pointing from R1 to R2 (see Figure 4.45 A). That means,
now a positive value corresponds to a motion towards the other particle and vise versa. Figure 4.48
plots ∆R1(t) ·e12(t) over the interparticle distance |R2(t)−R1(t)| for the harmonic-like (A) and the
box-like potential (B). The raw data points are shown in gray. Their vertical spread is dominated by
diffusive steps being equally likely in both positive and negative direction. Applying a median filter
to average out the Brownian steps leads to the black curve. The corresponding relative drift velocities
towards each other is shown in dependence on the interparticle distance underneath in C and D.
For the harmonic-like potential in A and C, it is clearly visible that for increasing distances in between
the particles, the function ∆R1(t) ·e12(t) is on average positive (see deviation from the red dased zero
line), i.e. the particles on average approach each other. This can be understood as follows. For
increasing interparticle distances it becomes more likely for the particles to be in opposite regions
within the trap with respect to the origin. That again means that the laser beams are on opposite sites
of the trap circumference due to the applied feedback rule. As the particles are both driven towards
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the center of the trap, they are effectively driven towards each other. If the particles are close to each
other, no relative motion is induced, because, either they are both located in the outer regions, then
they are driven into the same direction, or, if they are located in the central region, the temperature
gradients are much weaker and induce no significant relative drift.
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Figure 4.49: A Projection of the particle step onto the director between the particles ∆R1(t) ·e12(t) in depen-
dence on the interparticle distance for the harmonic-like potential. The horizontal dashed red line indicated
zero drift. The raw data is shown with the gray dots. The black curve represents a median average of the data.
The dark red curve shows the rms-width of the Brownian noise. B Same for the box potential. The dashed ver-
tical line indicated twice the critical radius 2Rmax = 7.8µm. C Corresponding median-averaged relative drift
velocity 〈v12〉= 〈∆R1(t) ·e12〉/τET over the interparticle distance. D Same as in C, but for box-like potential.
All graphs: The negative values for small interparticle distances are not real but are a result tracking artifacts,
as the tracking procedure are not optimized to discriminate very close objects.
The corresponding plots for the box-like potential are given in Figure 4.49 B and D. Here, the effect
is hardly visible until the interparticle distance reaches twice the critical radius of Rmax = 3.9µm
(vertical dashed line). In that case, the laser beams are directly on opposite positions and as the
particles are both driven to the center, they are effectively driven towards each other. For shorter
distances, |R2−R1| < 2Rmax, even if both laser are switched on, it is likely that the induced drift
towards the center only has a little component towards the other particle. Also, most of the time
the heating beams are off, i.e. neither central nor relative drift is induced whatsoever and the relative
motion between the particles is purely determined by Brownian motion and, on short distances, by
their interaction potential.
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The above analysis shows, that artificial interactions between the particles are only induced by the
feedback-controlled laser beams for large interparticle distances. Physical interactions expected on
much shorter distances are thus hardly perturbed.
4.3.8 Trapping of Single Macro-Molecules
In the final part of this monograph, it is demonstrated that the trapping by thermophoretic interac-
tions is by no means limited to polystyrene beads. Caused by the complex effects that contribute to
the thermophoretic mobility DT (some major effects have been introduced in Section 2.2) almost all
micro and nano-objects, such as particles, polymers, proteins, DNA or ions, are sensitive to temper-
ature gradients. For thermophoretic trapping, the interesting parameter is the Soret coefficient ST,
which needs to be sufficiently large to achieve a stable confinement as discussed in Section 4.3.5.
The measurements that are presented in the following are subject to ongoing experiments. Some
preliminary results are thus not yet fully understood. However, the presented data gives an outlook
on the potential of thermophoretic trapping for the investigation of single or multiple bio-molecules.
For demonstration purposes, the upcoming section deals with the thermophoretic trapping of single
λ-DNA molecules, which is in its double-stranded form often used as an easy-to-handle model for
semi-flexible polymers. The presentation of the results are divided in four parts. First, the center-
of-mass (COM) motion of a λ-DNA molecule in the trap is analyzed. Then, the attention switches
to the internal motion of the macro-molecule. In a third part, it is shown that with some trade-off
single DNA strands can even be trapped in a much simpler experimental configuration, that means
without a hole-structure and feedback. In a last part, preliminary results are presented dealing with
the influence of the temperature field on the molecule’s conformation.
Center-of-Mass Motion For the trapping experiment that is presented with Figure 4.50 a 15µm-
diameter trap structure is used together with a heating power of the focused laser beam of PHeat =
3.0mW. A slow frame rate of 20Hz is chosen to accumulate fluorescence of the dye-doped DNA
molecule. Accordingly, the feedback cycle time is as long as 50ms.
While being trapped, the molecule undergoes thermally driven conformation fluctuations. Four typi-
cal snapshots of the measured two-dimensional projection of the molecule’s conformation are shown
in Figure 4.50 A. For the purpose of feedback trapping, the camera image is thresholded above the
background level and the COM of the bright spot is identified with the molecules position Rp. The
laser beam is then controlled according to Equation 4.18. This leads to a stable trapping, where the
trapping duration is only limited by the bleaching of the intercalated dye molecules. The COM
trajectory is shown in B. In the particular experiment, a trapping duration of longer than 500s
was achieved. Figure 4.50 C gives the position distribution of the COM within the trapping re-
gion. An rms displacement of the molecule from the trapping center of σcom = (0.75± 0.01)µm is
found. Analyzing the step-size distribution yields a diffusion coefficient for a polymer as a whole
of Dcom = (0.44± 0.05)µm. The temperature profile that is reconstructed from the position distri-
bution in Figure 4.50 C is shown in D and matches the simulated curve for a Soret coefficient of
ST = 0.8K−1. Although using different buffer conditions, the value compares well to the literature.59
The average temperature rise of the polymer is about 8K over ambient temperature. As can be seen
from Figure 4.50 the polymer molecule is stablely confined in a temperature well of 6K depth. With
an excess temperature at the heated spot of ∆TAu = 88K, the polymer explores only very little of
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the total depth of the temperature field of about 80K. The maximum temperature increment that the
polymer experiences is thus well below its melting temperature (see Section 2.5.1).
All the analysis that has been presented for polystyrene beads is of course also possible for single
molecules. In particular, later experiments could benefit from monitoring the diffusion coefficient and
the thermophoretic mobility over time delivering information on temporal changes of the molecule
or its surrounding without directly looking at the conformation.
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Figure 4.50: A Four typical snapshots (4.6×4.6µm2) of the trapping of a single λ-DNA molecule in a 15µm-
diameter trap. B COM trajectory of the molecule. C Positional distribution histogram of the polymer. The
green dashed circle indicates the edge of the gold structure. D Temperature distribution ∆T = − ln(P/P0)/ST
within the trapping region in x (black) and y direction (red). The experimental data fit the theoretical curve
(blue dashed) for ST = 0.8K−1.
A unique feature of the optically controlled thermophoretic trap is the ability to trap a defined number
of objects. Figure 4.51 A shows four snapshots of a dataset where two individual DNA molecules are
trapped in the same sample. The trapping duration is with about 30s (see Figure 4.51 B) much shorter
which is again attributed to bleaching. In terms of multi-particle trapping, the current version of the
setup exhibits a huge disadvantage: in order to generate multiple laser beams, the AOD rapidly scans
the single beam to the according positions. By that, depending on the configuration of the laser beams,
it often crosses the trapping region leading to additional bleaching. This effect is even worse as the
same laser wavelength is used for fluorescence and plasmonic excitation. Eliminating these issues of
technical nature will strongly increase the trapping duration to the order of the single particle trapping.
This could be interesting to study the interaction of bio-molecules at single molecule concentration.
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The confinement to a small region thereby guaranties a high probability of molecular encounters,
which would otherwise only be possible with much higher concentrations.
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Figure 4.51: A Four snapshots of the trapping of two individual λ-DNA molecules (6.9×6.9µm2). B Center-
of-mass trajectories of the two polymers trapped in a 15µm-diameter trap.
Analysis of the Conformation The homogeneous labeling of the dye molecules along the DNA
molecule allows to visualize its conformation as can be seen from the snapshots in Figures 4.50 and
4.51. An analysis of the spatial distribution of the fluorescence thereby yields static properties of the
polymer, such as the radius of gyration or the mean squared end-to-end distance, but also dynamic
properties describing the internal relaxation.
The analysis of the conformation includes the following preparation. In each recorded frame the
polymer is identified and a cropped version is copied to a new dataset. Then, each frame is shifted by
the COM of the fluorescence within the particular frame. The background is identified with intensity
level in outer corners of the shifted frames and is subtracted accordingly in each frame. Finally, the
intensity is normalized to the maximum within each frame to account for the photobleaching over the
duration of the measurement. The data set that results from this procedure is denoted with I(r, t) and
describes the intensity at the position r at the time t. Accordingly, δI(r, t) = I(r, t)−〈I(r, t)〉t denotes
the intensity fluctuations with respect to the normalized time average 〈I(r, t)〉t .
Due to the homogeneous labeling of the dye molecules along the DNA strand, 〈I(r, t)〉t directly
represents the molecular density around its COM. Figure 4.52 B shows a line profile through 〈I(r, t)〉t
(inset) generated from the dataset of the experiment presented in Figure 4.50. A Gaussian fit (orange)
delivers a radius of gyration of Rg = (0.37±0.02)µm, but also shows a broadened density in regions
far from the COM. This has been reported before52 and is interpreted in the ideal polymer chain
picture as follows. The probability distribution for distance of each polymer segment to the COM
follows a Gaussian. However, the width of the distribution is dependent of the position along the
polymer and is broader with increasing distance to the chain center. The resulting molecular density
distribution is thus the sum of many different Gaussians of segments along the chain. Following this
argumentation, a formula describing the polymer’s density distribution has been derived by Adam
Cohen in his thesis170
p(r) =
3
2piR¯2ee
∫ 1
0
exp
(−3r2/[2R¯ee(3ε2−3ε+1)])
3ε2−3ε+1 dε. (4.33)
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The relation contains the root mean squared end-to-end distance R¯ee as the only free parameter. Fitting
Equation 4.33 to the measured distribution in Figure 4.52 yields a rms end-to-end distance of Ree =
(1.05±0.01)µm. For an ideal chain a ratio of Rg/R¯ee = 1/
√
6≈ 0.41 is expected (see Section 2.5.2).
The same ratio is expected for a worm-like chain with small persistence length as compared to the
length of the polymer which is the case for λ-DNA (of order Lp/Lc ∼ 10−3). The ratio found in the
experiment is slightly lower with Rg/R¯ee = 0.35±0.03. However, the Gaussian fit does not follow the
broadened tail, which delivers a lower value of Rg. Assuming the polymer to be a worm-like chain,
for a common persistence length of dsDNA of Lp = 50nm,183 the contour length of the DNA strand
can be calculated from R¯ee via Lc = R¯2ee/2Lp. With a contour length of the Lc = (11.0± 0.2)µm,
the trapped molecule is obviously a fragment of about 65% of the nominal total length of 16.5µm.
Alongside in Figure 4.52 C, another molecular density plot of a different dataset is shown yielding
a radius of gyration of Rg = (0.47± 0.03)µm and an rms end-to-end distance of Ree = (1.40±
0.02)µm. From Ree it is concluded on a contour length of Lc = (19.5±0.5)µm. This is even longer
than the nominal length, however, it is known184, 185 that the used intercalating dye POPO-3 increases
the contour length approximately by the measured amount.
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Figure 4.52: A The intensity profiles of the polymer in the different frames are accumulated after shifting
by the center-of-mass position and normalizing to the maximum intensity. This average intensity distribution
can be directly identified with the molecular density of the monomers about the COM. B Line profile of the
molecular density (see Inset) of a trapped DNA molecule (same dataset used for results of Figure 4.50). A
Gaussian fit (orange) yields Rg = (0.37±0.02)µm. Fitting Equation 4.33 (blue) gains Ree = (1.05±0.01)µm.
C Same as B, but for the dataset of another DNA molecule (results of Figure 4.53). Fit results: Rg = (0.47±
0.03)µm and Ree = (1.40±0.02)µm.
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The second experiment shown here was measured at a higher camera frame rate of 100Hz in order
to approach the internal dynamics of the trapped DNA molecules with a higher temporal resolution.
As the polymer chain is labeled continuously along its contour, it is convenient to access the internal
dynamics via a correlation of intensity fluctuations
C(R,τ) = 〈δI(R, t)δI(R, t+ τ)〉t . (4.34)
The results of the pixel-wise intensity auto-correlation is shown in Figure 4.53 A for a few time lags
of 1, 3, 5 and 7 frames. Accounting for the radial symmetry around the COM, Figure 4.53 B gives
the radially averaged intensity correlation in dependence on the distance to the COM. A longer decay
time or slower relaxation rate of the polymer segments of the radial interval between 0.7µm to 1.2µm
is already visible by eye. For each distance, the decay is well-fitted with a single exponential function.
The extracted decay times are depicted in Figure 4.53 C. The plot reveals a 25% slower relaxation of
the segments that are radially about one micron away from the COM. This qualitative characteristic
has also been described earlier by Cohen and Moerner,52 who studied single DNA molecules confined
in an ABEL trap. They find the slowest relaxation within the same radial region. Additionally, they
see a slow relaxation close to the center of mass. This is seen in the experimental data of Figure 4.53
C as well, however, with large error bars due the low statistics in the center when radially averaging.
Interestingly, while the general trend is reproduced, the correlation time in its absolute value is a
factor of three slower than measured by Cohen and Moerner. This discrepancy is not yet understood.
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Figure 4.53: A Spatial intensity correlation function (Equation 4.34) for four different lag times. B Radially
averaged intensity correlation in dependence on the distance to the COM. C Correlation times extracted from
the correlation functions in B via a single exponential for each distance to the COM. D Correlation of the
spatially accumulated intensity (Equation 4.35). Fit of a stretched exponential function ∼ exp[−(τ/τ0)β]
yielding β= 0.57±0.03 and τ0 = (0.052±0.006)s.
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In addition to the position-dependent correlation function, it is also worthwhile to consider the spa-
tially accumulated correlation function
G(τ) =∑
R
C(R,τ), (4.35)
which in a similar form is of relevance for fluorescence correlation spectroscopy (FCS). Figure 4.53 D
presents the accumulated correlation for the experimental data. The curve is fitted with a stretched ex-
ponential function G(τ)∼ exp[−(τ/τ0)β], yielding a stretching exponent of β= 0.57±0.03. When
hydrodynamic interactions of the monomers contribute to the polymer dynamics, an exponent of
β= 2/3 is expected from models of dynamic light scattering92 (Zimm dynamics), whereas an expo-
nent of β= 1/2 is typically found for the case that hydrodynamic interactions can be neglected (Rouse
dynamics). The exponent found in the experiment is in between the latter asymptotic exponents, sug-
gesting that, while typically dsDNA is viewed as a Rouse polymer, hydrodynamic interactions of
the segments cannot fully be neglected. Indeed, Shusterman et al. showed by FCS measurements on
λ-DNA, that hydrodynamic interactions become relevant on time scales longer than 10 ms,186 which
corresponds to the inverse frame rate in the described experiment. Note, that Cohen and Moerner
made the same observation in an equivalent experiment on λ-DNA molecules in the ABEL trap.52
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Figure 4.54: A Snapshots of the trapping of a single DNA molecule by a quasi-steady heating (see circle
resulting from the fluorescence of the gold film) of the plain gold film without a hole structure. B Expected
temperature profile from simulations (black curve). The reconstructed temperature profile (blue) matches the
simulation for ST = 4.2K−1. Inset: COM trajectory of the DNA molecule within the trapping region. C Line
profile of the molecular density (see Inset) of a trapped polymer chain. The blue line corresponds to a fit of
Equation 4.33.
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Trapping by a Quasi-Steady Temperature Profile The large Soret coefficient of the λ-DNA
molecule allows for a confinement in a much simpler configuration. Figure 4.54 presents an ex-
periment, where a single polymer chain is trapped via quasi-steady heating of a plain gold film, i.e.
no special hole structure is present. The laser beam (Pheat = 3.0mW) is steered on a circular trace of
9.5µm radius at a frequency of f = 100Hz as is described in detail in Section 4.2.5. Snapshots of a
recorded movie file are shown in Figure 4.54 A. The molecule is trapped in the central region, sur-
rounded by the heating laser beam trace, which is visible by the fluorescence of the gold film. The rms
displacement from the center is measured from the trajectory (Inset in B) with σ= (1.66±0.07)µm.
Figure 4.54 B shows the induced temperature profile that is expected from FEM simulations. Note,
that the quantitative temperature rise exhibits an upper limit estimation, as the same ∆TAu/Pheat ∼
29K/mW is assumed (see Section 4.3.3), whereas from the measurements in Section 4.3.6 it was
suspected that the actual absorption is lower due to the lack of the gold structure. The advantage of the
quasi-steady trapping scheme above a plain gold film is its simplicity. The disadvantages compared to
the feedback and gold-structure-assisted trapping, however, are also obvious. Instead of an effective
depth of the virtual temperature field of about 90K, here, only about 3K is achieved at the same
heating laser power and a similar trap size. Nevertheless, the particular trapping event is only limited
by bleaching of the dye moleculesa) . The Soret coefficient of the trapped molecule can be calculated
from the position distribution via ST =− ln(P/P0)/∆T and is estimated to ST = 4.2K−1. A step-size
analysis of the trajectory yields a diffusion coefficient of DCOM = (0.25±0.05)µm2/s. Figure 4.54
C plots a line profile of the molecular density with respect to the polymer’s COM, from which a rms
end-to-end distance of R¯ee = (1.61± 0.02)µm is measured. Assuming a maximum contour length
of Lc = 19µm, the persistence length is calculated to Lp = R¯2ee/2Lc = (68± 2)nm. The parameters
extracted from the experiment significantly differ from the parameters presented with Figure 4.50
(much higher ST, lower D, larger Rg, longer Lp), which was measured at the same day in the very same
sample. While no detailed mechanism can be given without further dedicated experiments, the major
deviation is possibly connected to the presence the excited metal surface which potentially interacts
with the (charged) DNA molecules. The purpose of the presented data, however, is to show the
feasibility of trapping a single polymer molecule using a feedback-free heating. The plain gold film
used here mimics any absorbing medium that could be in particular the water film itself, heated by an
infrared laser beam and creating a temperature profile equivalent to the one shown in Figure 4.54 B.
The temperature gradients that are exerted by the quasi-steady heating scheme are much lower as
compared to feedback trapping. It is thus not a priori impossible that also the different shape of the
temperature field is partially to blame for the deviation in the parameters. The influence of the inho-
mogeneous temperature gradient field on the polymer’s conformation is investigated in the following.
Influence of the Temperature Field on the Conformation In general, the thermophoretic mobility
is considered to be independent of the contour length for sufficiently long polymers. That means for
a polymer in a homogeneous temperature gradient field, that every monomer feels the same gradient
and thus is subjected to the same thermophoretic drift. While the molecule is driven along the temper-
ature gradient, the conformation of the chain as a whole is not altered. Although this argumentation
does not fully apply to DNA due to the long-ranged shielding by the charge, the assumption will be
used in first approximation for the following considerations. For a spatially localized heat source, the
a) In fact, only the observation time is limited but not the trapping itself, as no feedback is used.
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temperature gradient is strongest close but decays radially with increasing distance to the heat source.
Assuming a point heat source, the temperature decays as ∆T ∼ r−1. Accordingly, the temperature
gradient goes as ∇T ∼−r−2. The focused laser beam of the thermophoretic trap generates a similar
temperature and temperature gradient field as can be seen from Figure 4.12 C and D. This particularly
means, that the gradient is neither homogeneous over the trapping region nor over the spatial extend
of a polymer molecule. It can therefore not anymore be excluded that the conformation of a DNA
molecule is influenced while being trapped. Figure 4.55 A shows the relative temperature gradient
obtained earlier from simulations plotted in its dependence on the distance to the trapping center for
a trap size of 15µm diameter. A moving average over two times the radius of gyration assumed with
Rg ≈ 0.5µm has been applied to the curve. The average relative gradient the molecule is exposed
to rises for increasing radial distance, that means for decreasing distance to the heat source. While
the whole molecule feels that average gradient inducing a thermophoretic drift of the COM, each
segment is subject to a local gradient.
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Figure 4.55: A Relative temperature gradient averaged over a length of twice the typical radius of gyration of a
DNA molecule (Rg≈ 0.5µm) vs. the distance from the trap center for a trap size of dTrap = 15µm. Difference in
relative temperature gradient over the length of 2Rg for dTrap = 10µm (red) and dTrap = 15µm (light red). The
right axis shows the corresponding expected average drift velocity of the molecule and relative drift velocity
between two segments separated by 2Rg along the temperature field (DT = 1µm2/sK, Pheat = 3mW). B Ratio
of the relative velocity of two segments separated by 2Rg to the average drift velocity of the entire molecule.
As an arbitrary measure, two segments are considered spatially separated by 2Rg ≈ 1.0µm along the
temperature profile, i.e. along the radial direction within the trap. Accordingly, the plot also shows the
difference in the gradient over the distance of 2Rg, which is directly connected to the curvature of the
temperature profile. This difference in temperature gradient rises radially away from the trap center as
well. In a picture of free and independent segments, this would lead to a relative thermal drift between
the two segments. The expected relative movement is shown with the right axis in Figure 4.55 A.
For this estimation, a typical thermophoretic mobility of DT = 1µm2/sK and a heating power of
Pheat = 3mW is considered. The COM drift of the molecule close to the trapping center is estimated
to about 2 µm/s. Compared to that, the relative motion of the two segments is expected with about
0.5 µm/s. Figure 4.55 B compares the ratio of the difference in the temperature gradient to the
average gradient being equivalent to the ratio of the relative motion of the two considered segments
to the average induced thermophoretic drift velocity of the whole molecule. The ratio easily exceeds
25%, even for moderate distances of the molecule from the trap center. As the temperature gradient
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increases with increasing distance from the trap center, segments in far regions are driven faster to
the center than segments close to the center. The polymer molecule is therefore expected to show a
compression due to the applied temperature field. The latter consideration, however, gives no clue
on the magnitude of the compression, but the ratio plotted in Figure 4.55 B suggests that the effect
should be reflected in the experimental data.
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Figure 4.56: A COM position distribution of a single λ-DNA molecule confined in a 15µm diameter trap
divided into five concentric region (feedback heating mode at Pheat = 3.0mW). B Molecular density of the
molecule with respect to the COM for the different concentric regions defined in A. C Variance (i.e. R2g) of the
distributions in B. D Variance of the monomer density in dependence of the curvature of the temperature field
in the different spatial regions. The dashed line represents a linear fit. The gray curve represents a one-over-
curvature dependence (with arbitrary amplitude).
While being confined in a trap of 15µm diameter at 3.0mW heating power, the molecule explores
the trapping region up to displacements from the center of about 2.5µm, which can be seen from the
radial position distribution in Figure 4.56 A. As the temperature gradient increases with increasing
distance to the trap center, an increasing compression is expected towards the heat source. The
position distribution is therefore divided into five concentric regions. For each region, the molecular
density of the molecule is calculated separately by accumulating the corresponding cropped molecule
images, each shifted by their COM (see Figure 4.52). The resulting molecular density profiles are
depicted in Figure 4.56. The width slightly decreases with increasing distance to the trap center. The
compression appears to be strongest for the monomers far from the COM. The decreasing width is
quantified in Figure 4.56 C plotting the variance of the distributions in B (representing R2g) versus the
mean distance to the trap center. The local curvature of the temperature profile is calculated from the
simulated temperature fields and is compared to the squared radius of gyration gained for the different
concentric regions in Figure 4.56 D. Within the regions that are accessible with the experimental
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data, the curvature of the temperature field almost doubles. A linear relation between the R2g and the
curvature of the temperature profile is found with a slope of (−0.102± 0.006)µm4/K. However,
the linearity can only represent a local dependence, as the DNA is expected to collapse for infinite
curvatures. In Section 4.1.2 it is found that the variance σ2 = 1/STα of the position distribution
of a single particle in a harmonic temperature field decreases with one over the curvature of the
temperature α. This suggests the same one over curvature scaling for the mean squared monomer
distribution around the center of mass of the molecule. This dependence represented by the gray
curve, however, does not fit the experimental data, which decreases much slower. While a more
thorough study is needed to unravel the underlying processes, the preliminary results clearly show that
an inhomogeneous temperature gradient in the trapping area affects the conformation and compresses
the DNA conformation in the outer regions. This effect is pronounced by using smaller traps where
the curvature of the temperature field is stronger.
The possibility of manipulating the conformation of DNA molecules by thermal fields has been al-
ready reported by several groups. Jiang and Sano83 showed that λ-DNA strands that are attached
to a surface by one or two ends via biotin-streptavidin interactions are stretched by applying a opti-
cally induced thermal gradient. These results show that the monomers are subject to thermophoresis
within the polymer and each segments reacts on a local temperature gradient. This leads to internal
tension within the DNA molecule. Other experiments confine T4 DNA of 166 kilo base pairs length
in nano-channels, which prestretches the molecules.82 The confined DNA molecule thus becomes a
spring to measure equivalent themophoretic forces. Depending on where the heat source is located,
the polymer is either further stretched or compressed along the channel direction.81
Little is known about the influence of the local temperature field on the conformation of free DNA
molecules,84 that means without attaching the molecule to a surface or a confinement within nano-
channels. While compression and self-entanglement dynamics have been investigated by Tang et
al. by means of electric fields,187 the preliminary results presented with Figure 4.56 provide a first
example of a compression of a free DNA molecule by thermal fields. Also the height of the water
film with about 1µm is about twice the radius of gyration and confines the molecule much less
than a nano-channel. In particular, no prestretching is expected. The thermophoretic trap therefore
becomes a promising tool to study non-equilibrium dynamics of bio-molecules. With the usage of a
box-like trapping potential (see Section 4.3.4), the induced compression could be directly probed in
comparison to the equilibrium conformational dynamics.
Chapter 5
Summary and Outlook
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5.1 Summary of the Results
Studying the properties of microscopic systems as small as single molecules is of fundamental impor-
tance in particular in bio sciences and soft-matter physics. The investigation of single molecules often
reveals processes and functions, that are otherwise hidden in an ensemble average. For this reason,
single molecule spectroscopy evolved to a powerful toolbox of optical methods that are nowadays in-
dispensable for biological studies. Without surface tethering, the time scales on which the molecule’s
properties can be accessed is typically limited by Brownian motion causing the molecule to disappear
from the observation volume of, for example, a fluorescence microscope. Well-established techniques
such as optical tweezers use optical forces to trap dielectric objects larger than a few hundred nanome-
ter. While these methods are widely used to apply or measure forces in molecular systems, they fail
to confine single molecules as the optical gradient force scaling with the polarizability is to weak
to compete with Brownian motion. Different techniques based on electric or electromagnetic fields,
such as plasmonic tweezers or the ABEL trap, have been developed to overcome this problem. Each
exhibits it’s strengths and weaknesses depending on the specific application.
A promising and fundamentally different type of interaction is thermophoresis. The term ther-
mophoresis describes the directed motion of a solute along the temperature gradient applied to the
solvent. Apart from the fact that directed motion can be induced which allows to actively compen-
sate for Brownian motion, in the context of trapping single biomolecules, thermophoresis becomes
interesting for two additional reasons. The strong dependence of the thermophoretic mobility on
the molecule and the surrounding properties recently made thermophoresis popular to probe molec-
ular interactions in free solution with the technique of Microscale Thermophoresis. Also, beyond
the ability to induce a center of mass drift, thermophoresis is able to apply intra-molecular forces
to a macro-molecule if the temperature gradient varies over the extend of the molecule. Moreover,
microscopic temperature fields can be easily generated all-optically not requiring an external wiring
of electrodes, for example, to produce electric fields. For these reasons, thermophoretic interactions
could be of interest to power a micro-fluidic device for single molecule manipulation and analytics.
While being widely used to spatially accumulate particles or molecules typically in combination with
advective flows, thermophoresis so far has not been shown to confine single nano-objects. The thesis
is dedicated to experimentally explore the feasibility of trapping single particles or molecules by
means of local temperature fields. For this purpose, laser heating of a gold nano-structure is used
to induce a thermophoretic drift field in an appropriate way to counter act the erratic motion caused
by thermal fluctuations. The findings are divided into three parts according to three experimental
realizations of the trap, which essentially differ in the way the temperature fields are controlled.
Starting from a simple static heating, the technique over the course of the doctoral study developed
to a device that allows for an active manipulation of single or multiple nano-objects in solution.
Summary of Section 4.1: Trapping by a Steady Temperature Profile. The sample, on which
the experiments are performed, is formed by a water film confined between two glass slides. One
slide carries a gold film exhibiting circular holes of a few micron in diameter, which are prepared
by micro-sphere lithography. Heating the circumference by means of an expanded cw laser beam
leads to a temperature field that exhibits a local minimum in the center. That means, that the resulting
inward thermophoretic drift velocity field counter acts the outward diffusive drift due to Brownian
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motion, which can be used to confine individual particles. This is demonstrated by trapping a single
200nm polystyrene bead in a gold structure of 5µm diameter. The dynamical behavior of the particle
in the trap is studied by looking at the step size distribution, yielding information about the determin-
istic thermophoretic drift as well as the Brownian motion, quantified by the diffusion coefficient. By
studying the heating power dependence of the diffusion coefficient, a relation between the local tem-
perature rise and the heating laser power is found, which is an essential prerequisite to extract both
the thermophoretic mobility as well as the Soret coefficient. The shape of the temperature profile is
reconstructed from the position distribution of the particle in the trap. A quantitative comparison to
the simulated temperature profile yields the Soret coefficient. The experiments show that the induced
thermophoretic drift follows the temperature gradient that is expected from numerical simulations of
the temperature profile. Independently from the Soret coefficient, the thermophoretic mobility is cal-
culated from the step size analysis by a comparison of the induced drift with the temperature gradient
profile.
The Gaussian position distribution shows that the temperature field in the trap center can be approxi-
mated with a parabola (harmonic temperature field). The thermophoretic motion is overall force-free.
Nevertheless, the positional distribution of the particle can be compared to a Boltzmann distribution
giving rise to an effective harmonic trapping potential. The curvature of the temperature field ac-
cordingly corresponds to the trapping stiffness and together with the Soret coefficient determines the
spatial extend of the particle distribution. Already with this simple experimental realization of the
thermophoretic trap, effective trapping potentials of several kBT can be achieved with an effective
trapping stiffness of order fN/µm.
The results show, that a confinement of a single macroscopic particle can be achieved by means
of local temperature fields. The employed steady-state heating scheme, however, is inefficient. A
general problem is the shallow depth of the local temperature minimum as compared to the high
temperature elevation in the center of the trap, which does not contribute to the confinement and
is highly undesired for potential biological applications. To decrease the overall heat deposition,
different strategies are developed to control the optical heating.
Summary of Section 4.2: Thermophoretic Trapping by Dynamic Temperature Fields. In a
second step, the experimental setup is extended with a focused heating laser beam, which can be
freely steered within the sample plane. This allows to alter the heating scheme from the simultaneous
and steady heating of the entire circumference of the gold structure towards a local heating of only a
diffraction-limited spot. By that, a very localized temperature field is generated, which however does
not anymore exhibit a confining local temperature minimum. Rather, caused by the thermophoretic
repulsion for typically positive Soret coefficients, a steady heating of just a local spot will quickly
drive the particle away from the trapping region. Inspired by the Paul trap, which employs rotating
electric fields, this problem is solved by steering the laser beam along the rim of the gold structure
at a certain rotation frequency in order to achieve a confinement. The dynamic behavior of a trapped
particle is studied in detail, particular attention is paid to the influence of this laser rotation frequency.
The problem is approached in a frame in which the heating laser beam is still, but the sample rotates
about the center of the trap.
Neglecting Brownian motion first yields a deterministic flow field resulting from the advection of the
sample within the rotating frame as well as the thermoporetic repulsion from the heat source. Its most
124 CHAPTER 5. SUMMARY AND OUTLOOK
important feature is a stable stationary point, where advection and thermophoretic drift compensate.
This stable point does not coincide with the center of the trap. Without the erratic Brownian motion,
the particle shows a spiral motion around the stable point with a stabilizing inward component, such
that the particle approaches the stable point in the long-time limit. Once the stable point in the
rotating frame is reached, the particle shows a circular motion in the lab frame about the trap center
at the laser rotation frequency. Both, the off-center position as well as the shape of the flow field
close to the stationary point are confirmed experimentally by dedicated trapping experiments. It is
shown that the stationary point only exists above a minimum frequency that depends on the strength
of the thermophoretic drift. This yields a stability condition for the dynamic trapping scheme. In
simple terms, the velocity of the heating laser beam needs to exceed the induced thermophoretic
drift, which otherwise repels the particle from the trapping region. Adding Brownian motion to the
consideration, a balance of the diffusive and thermophoretic drift yields an asymmetric Gaussian
position distribution in the rotating frame.
Interestingly, the dynamics of the particle shows an analogy to the Paul trap. The spiraling of the
particle in the rotating frame happens at a frequency which differs from the laser rotation frequency.
The motion at the two frequencies can be interpreted as macro and micro-motion, that is in a similar
fashion seen for ions in a quadrupole trap. In the high-frequency limit, when the velocity of the
cycling temperature field is much faster than the induced thermophopretic drift, the stationary point
converges to the trap center and the spiraling frequency converges to the laser rotation frequency such
that the macro-motion disappears. Also the asymmetry in the position distribution vanishes. Thus,
only radial inward components of the flow field survive the back-transformation to the lab frame and
the effective temperature field is simply the time-averaged temperature field which exhibits a local
minimum in the center. The usage of high frequencies is therefore called quasi-static heating. This
means in particular, that no significant decrease in the center temperature elevation is achieved by the
new heating scheme.
It is shown, however, that the new heating allows to trap particles even if the hole in the gold structure,
that is essential to provide a temperature minimum via steady heating, is omitted. This is equivalent
to a direct optical heating of the liquid which is widely applied. Thermophoretic trapping by such a
dynamic heating scheme could thus be easily implemented in existing experimental setups that come
with steerable heating laser beams.
Summary of Section 4.3: Feedback-Assisted Thermophoretic Trapping. A fundamentally new
quality of thermophoretic trapping can be achieved by introducing an active optical feedback control
to couple the heating position of the laser beam to the particle’s real-time position. In such a way,
the gold structure can be heated always at the particular position that is most efficient to drive the
particle towards the trap center. A fast switching of the heating laser position is thereby enabled by
the fast heat diffusion compared to the Brownian motion of the particle. The feedback leads to a
virtual temperature profile that differs from the average temperature field. The strong temperature
gradients induced by the focused laser beam are thus fully exploited, in contrast to the temperature
field generated by the steady or quasi-steady heating scheme, yielding a strong enhancement both
in terms of the depth of the trapping potential as well as the stiffness. This in particular solves the
major problem with the passively controlled heating schemes, which is the unfavorable temperature
elevation in the trapping region. Assuming a trap diameter of 10µm, the temperature rise reduces
5.1 Summary of the Results 125
from 67% of the maximum temperature at the gold film for the static heating to 14% in the case of a
feedback-controlled laser heating.
Modifying the feedback algorithm moreover allows for a versatile manipulation of the trapped parti-
cle, such as an active steering of particles within the trapping region. An active shaping of the virtual
trapping potential is achieved by altering the feedback rules, e.g. by introducing a time-dependent
target position. This is demonstrated by the realization of few examples. A particle trapped in a
virtual effective double well potential performs a hopping between two spatially separated targets.
The target position is thereby coupled to the particle position. The dynamics can be described by a
Kramers relation despite of the thermal non-equilibrium and effective potential generated by a dedi-
cated feedback rule. An area target leads to a box-like potential, for which the gold structure is only
heated if the nano-object is about to escape. This allows to study a trapped object at ambient temper-
ature in between the heating events. The diffusion coefficient can be gained from the on-off statistics
of the heating beam that represents a typical mean first passage time problem.
The limits of the feedback trapping are studied by a thermophoretic modification of the Kramers
relation, that describes the escape rate out of the trap considering an instant feedback. The influ-
ence on a finite feedback update time as well as a feedback delay is examined experimentally, both
broadening the position distribution. An additional broadening appears due non-negligible tangential
components of the temperature gradient caused by the Brownian motion within the feedback latency.
The effect is thus strongest for slow feedback update rates. The smallest objects that are tested in
the feedback trap are 28nm diameter polystyrene particles with a Soret coefficient of ST = 0.13K−1,
which yield a mean trapping duration of about 15s.
Enabled by the strong spatial decay of the induced temperature fields, several particles can be ad-
dressed by individual heating laser beams, while at the same time the thermophoretic repulsion pro-
hibits outside particles to enter the trapping region. In such a way, a defined number of particles
can be held in the trap, which can hardly be realized by well-established trapping techniques such as
optical tweezers. A study of the relative motion of two particles shows, that a coupling of the particle
dynamics, i.e. a repulsion, artificially induced by the feedback control and the two involved heating
laser beams is found only for a large spatial separation of the two particles on the order of the trap
radius. This thus does not interfere with physical interactions that are expected for much smaller
inter-particle distances.
In the last part of the manuscript, the thermophoretic confinement of single macro-molecules is
demonstrated, exemplified by the trapping of λ-DNA. As the Soret coefficient is sufficiently high,
the trapping duration is limited only by the bleaching of the intercalated dye molecules. An analysis
of the center-of-mass motion yields the diffusion and Soret coefficient in the same way as demon-
strated for the rigid polystyrene beads. Additionally, the molecule undergoes conformational dynam-
ics, which can be studied over minutes without a disappearance of the molecule from the field of
view. An examination of the molecular density around the center-of-mass allows to determine the
radius of gyration and the mean-squared end-to-end distance. A correlation analysis of the fluores-
cence reveals a temporal evolution of the conformation that is in between Rouse and Zimm dynamics
being in agreement with earlier studies of other groups. Finally, preliminary experiments show that
the spatially varying temperature gradient over the DNA molecule leads to intra-molecular tension
and is able to compress the conformation by thermal fields, an effect that has been observed before
only on prestretched DNA confined in nano-channels.
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5.2 Outlook
The thermophoretic trap is intended as a tool for the investigation of bio-molecular systems. As the
method is based on temperature gradients, more fundamental problems of thermal non-equilibrium
physics could be addressed as well. The results of this thesis thereby establish a basis for future
applications. The following (incomplete) list shall give experiments that are planned with the ther-
mophoretic feedback trap.
• Ongoing experiments extend the preliminary results presented in Section 4.3.8 and address the
interaction of a long DNA chain with inhomogeneous temperature fields and gradients. While
the effect of different fluctuations along the chain due to varying temperature is expected to be
weak, the influence of a variation of the temperature gradients over the chain is much stronger.
The shape of the temperature field employed in the thermophoretic trap suggests a compression
of the DNA conformation as a stronger thermophoretic drift is exerted to the monomers that
are at a higher distance from the trap center. The relaxation dynamics of a compressed chain
could be studied by on-off experiments.
• The ability to trap several nano-objects at a time could be exploited to investigate the interac-
tion of a controlled number of polymer chains, that could be also longer T4-DNA. One polymer
thereby is expected to act as a random dynamic background potential for the other one. Re-
cent theoretical studies188, 189 showed that such perturbations for instance affect the persistence
length, altering the parameters experimentally accessible, such as the mean end-to-end dis-
tance. Also, the additional fluctuating excluded volume could influence the compression and
relaxation dynamics. Having a trapping volume of a few ten femtoliters, high nominal concen-
trations could be achieved even with only two molecules held in the trap.
• The method of thermophoretic trapping could be also of interest to study nucleation, stability
and growth of oligomers of amyloid forming proteins. Working in the single oligomer regime,
rate constants of decay and aggregation should be directly accessible, which have not been
studied before. The growth of a single fluorescently labeled seed oligomer could, for instance,
be trapped, while smaller untrapped monomers are free to pass the trapping regions. The
evolution of the oligomer could be monitored by its Brownian fluctuation, which are sensitive
to the hydrodynamic size. A time-dependent mobility may be detected with the help of a
likelihood-based change point analysis methods.190
• Besides bio-molecular applications, the thermophophoretic trap may also find attention for the
investigation more fundamental questions. Recently, the Landauer principle,175 which states
that erasing information is an irreversible process requiring a minimum amount of work that
is kBT ln2 per bit, has been confirmed using a virtual time-dependent potential of an ABEL
trap.191 The key thereby is the ability to measure the work done by a particle in the generated
potential. A similar study using the thermophoretic trap could show if Landauer’s principle
may be extended to also hold for the case that the feedback-generated virtual potential is not
the result of a force, but rather due to force-free phoretic motion, in the same way as the
Kramers relation seems to hold as shown in Section 4.3.4.
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On the other hand, the technical advancement of the proposed trapping technique is by no means
completed. The following improvements of hard and software will enhance the planned experiments
as well as generally broaden the applicability of the method.
• A separation of heating and fluorescence excitation avoids bleaching when the heating beam
traverses the trapping region and reduces fluorescent background. A multi-color detection
allows for a distinction of multiple molecules that are stained by different dyes to resolve, for
example, spatially overlapping or entangled macro-molecules.
• Advanced feedback rules that also modulate the strength of the heating could address different
problems. For instance, artificial interactions induced during multi-particle trapping could be
actively corrected. A dedicated algorithm could actively keep unwanted objects away from the
trapping region. Also, strategies are thinkable for trapping several objects at different positions
in that trap to meet at a well-defined time. Objects of different Soret coefficient could also be
trapped by adapting the necessary heating power.
• Modern versions of the ABEL trap use beam-steering-based detection schemes, that are con-
trolled by a field-programmable gate array.49–51 This allows for a much shorter feedback la-
tency of order 10µs, which is much faster than a software-based signal processing of CCD
camera images. Operating at the limits of shot-noise, these traps are able to trap even single
fluorophores. Also, advanced algorithms are used to estimate diffusion coefficient and trans-
port mobilities in real-time. The thermophoretic trap could also profit from a similar detection
scheme. Still, the limits in trapping are determined by the maximum amount of heat that can
be exposed to the system to generate the temperature gradients. However, the real-time acqui-
sition of the diffusion coefficient and the thermophoretic mobility would strongly benefit from
a shorter feedback latency.
• Thermophoresis is driven by quasi-slip flows in the boundary layer along a particle’s surface
induced by temperature gradients. The same temperature gradients may also induce a flow of
the solvent along the surface of the glass slides that are used to confine the film of solvent.192
These thermoosmotic flows could be of interest to enhance the trapping of objects that exhibit
a weak Soret coefficient.
• The current version of the thermophoretic trap only achieves a 2-dimensional confinement.
The third dimension is restricted by the thickness of the water film in between two glass slides.
A 3D thermophoretic trap using a static heating is hardly possible as no 3-dimensional local
temperature minimum can be generated by local heating. Local cooling on the other side by
substantial amounts is difficult to realize by optical means. A feedback-based version of a 3D
trap, however, could be realized by employing a 3D-steerable infrared laser beam that directly
heats a local spot in bulk water. The feasibility in two dimensions is shown in Section 4.3.6
(heating of a plain gold film mimics the heating of a water film). The extended beam waist in
z direction (Rayleigh range) could be controlled by beam shaping methods.
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